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SUMMARY

BAX is a pro-apoptotic BCL-2 protein that resides in the cytosol as a monomer until triggered by cellular 
stress to form an oligomer that permeabilizes mitochondria and induces apoptosis. The paradigm for 
apoptotic blockade involves heterodimeric interactions between pro- and anti-apoptotic monomers. Here, 
we find that full-length BCL-w forms a distinctive, symmetric dimer (BCL-w D ) that dissociates oligomeric 
BAX (BAX O ), inhibits mitochondrial translocation, promotes retrotranslocation, blocks membrane-porating 
activity, and influences apoptosis induction of cells. Structure-function analyses revealed discrete conforma-

tional changes upon BCL-w dimerization and reciprocal structural impacts upon BCL-w D and BAX O interac-

tion. Small-angle X-ray scattering (SAXS) analysis demonstrated that BAX O disrupts membranes by inducing 
negative Gaussian curvature, which is reversed by positive Gaussian curvature exerted by BCL-w D . System-

atic truncation and mutagenesis dissected the core features of BCL-w D activity—dimerization, BAX O 

engagement, and membrane interaction. Our studies reveal a downstream layer of apoptotic control medi-

ated by protein and membrane interactions of higher-order BCL-2 family multimers.

INTRODUCTION

Apoptosis is a form of programmed cell death that determines 

cell fate in response to stress, and its deregulation underlies 

myriad diseases from cancer to neurodegeneration. 1 B cell 

lymphoma 2 (BCL-2) family proteins orchestrate this decision 

by regulating the integrity of the mitochondrial outer membrane 

(MOM). The essential ‘‘executioner’’ proteins are pro-apoptotic 

BCL-2-associated X (BAX) and BCL-2 antagonist/killer 1 (BAK), 

which, upon activation, undergo a conformational transforma-

tion from monomers to oligomers that permeabilize the 

MOM. 2 Loss of mitochondrial integrity releases cytochrome c 

and other factors into the cytosol, 3 committing the cell to 

apoptotic death. A critical step in BAX/BAK activation is 

exposure of their BCL-2 homology 3 (BH3) α-helices, which 

either drive self-association and death or are intercepted 

by anti-apoptotic BCL-2 proteins, resulting in heterodimeric 

blockade. 4,5 An FDA-approved inhibitor of this canonical inter-

action reactivates apoptosis in cancer, 6,7 highlighting the

importance of dissecting BCL-2 protein interactions to guide 

next-generation therapeutics.

Beyond BH3-in-groove inhibition, additional mechanisms 

regulate BAX activation. The BH4 motif of select anti-apoptotic 

members can stabilize monomeric BAX by binding a discrete 

site 8 that lies adjacent to another location targeted by the cyto-

megalovirus viral mitochondria-localized inhibitor of apoptosis 

(vMIA) protein, which suppresses BAX activation to promote 

host-cell survival during infection. 9 Another inhibitory pathway, 

BCL-X L -mediated retrotranslocation, shuttles BAX from mito-

chondria to cytosol by an undefined mechanism. 10,11 A lingering 

mystery is how homologous proteins of such similar structure 

enact opposing functions, 12 with progress limited by the lack 

of high-resolution structures of full-length, higher-order multi-

mers, which hold the key to unlocking fundamental insights. 

Recent structural and biochemical advances have begun 

to close this gap. A high-resolution structure of oligomeric 

BAX revealed asymmetric α2-α9 dimers that tetramerize into 

repeating units. 13 Previously, we produced and characterized a
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homogeneous, full-length oligomeric BAX species (BAX O ) by 

treating monomeric BAX (BAX M ) with Fos-12, yielding a ∼150-

kDa oligomer that persisted after detergent removal and 

delineated structural determinants of discrete steps along the 

BAX-activation pathway. 14 We applied the same workflow to 

anti-apoptotic BCL-w and observed dimer rather than oligomer 

formation and no membrane-disruptive effect. 14 Monomeric 

BCL-w inhibited MOM by BH3-triggered BAX M but not by 

BAX O , indicating that BAX O conformation was beyond its inhib-

itory control. Although dimers of anti-apoptotic truncates have 

been observed under various experimental conditions, 15,16 

their physiologic relevance remains unknown. Here, we interro-

gated whether a full-length anti-apoptotic dimer can regulate 

apoptosis through a non-canonical mechanism, specifically by 

modulating the oligomerization state and function of BAX.

RESULTS

Detergent-induced self-association of full-length BCL-

w is distinct from BAX

To examine the behavior of anti-apoptotic BCL-w under the con-

ditions that induce BAX O formation, we incubated full-length 

BAX M (aa 1–192) and full-length monomeric BCL-w (BCL-w M ) 

(aa 1–193) with Fos-12—a detergent used to generate BAX O — 

and examined their size exclusion chromatography (SEC) elution 

profiles. Whereas Fos-12 transformed BAX from a ∼20 kDa 

monomer (BAX M ) to a ∼150 kDa oligomer (BAX O ) (Figures 1A 

and 1B), treatment of BCL-w M with Fos-12, in addition to other 

detergents, produced a stable dimeric species (BCL-w D ) of 

42 kDa, as confirmed by SEC-multi-angle light scattering 

(MALS) (Figures 1C, 1D, and S1A–S1C).

To systematically dissect the determinants of BCL-w dimeriza-

tion, we started with an α2-α5 truncate that forms a core dimeric 

component of higher-order BAX oligomers (Figure 1E). 13,17,18 In 

contrast to GFP-BAX α2-α5 (aa 53–128 C62S/C126S), 18 GFP-

BCL-w α2-α5 (aa 42–112 C107S) remained monomeric without 

detergent (Figure 1F), suggesting an alternate mechanism of 

dimerization. To identify the portion of BCL-w required for deter-

gent-induced dimerization, we sequentially expanded the trun-

cate from α1-α5 to α1-α6 and α1-α8 and observed that only α1-

α8 dimerized upon addition of Fos-14 (Figure 1G), a detergent 

that produced the most monodispersed and homogeneous 

peak of full-length BCL-w D by SEC (Figures S1A and S1B). To 

verify this finding without the GFP-tagged system, we tested 

the dimerization potential of BCL-wΔC (aa 1–156; α1-α8), BCL-

wΔN (aa 40–193; α2-α9), and BCL-wΔNΔC (aa 40–156; α2-α8). 

All three constructs dimerized, thus defining α2-α8 as the minimal 

region required (Figure 1H). These data point to a mechanism of 

BCL-w dimeric self-assembly distinct from BAX and BAK, with an 

unexpected role of α7-α8.

To confirm the presence of BCL-w dimers in cells, we generated 

lysates from p185+ Arf − /− murine B cell acute lymphoblastic leuke-

mia (B-ALL) cells engineered to require full-length, FLAG-tagged 

BCL-w expression for cell survival 19 and observed that BCL-w pre-

dominantly migrated as a dimer (Figures S1B and S1D). To confirm 

homo-dimerization in cells, we co-expressed V5- and FLAG-

tagged constructs of full-length BCL-w in HEK 293T cells 

(Figure S1E) and performed reciprocal co-immunoprecipitation

experiments. In each case, anti-V5 and anti-FLAG immunoprecip-

itations pulled down both tagged species, indicative of BCL-w 

homo-dimerization (Figure S1F). These data are consistent with 

prior observations of anti-apoptotic BCL-2 protein dimers (of un-

known function) in cells. 20,21

Characterization of the structural transformation from 

monomeric to dimeric BCL-w

To assess the solution structure of BCL-w D , we used in-line SEC 

combined with small-angle X-ray scattering (SAXS) (Figure 1I). 

The linearity of the Guinier plot indicates monodispersity without 

aggregation in solution (Figure 1J). The estimated molecular 

weights of BCL-w D (42.5 or 47.6 kDa, depending on the calcula-

tion method) confirmed that BCL-w D is a dimer in solution 

(Figure 1K). The asymmetrical P(r) distribution, with two peaks 

shifted to the lower r region, indicates that BCL-w D has a multi-

domain and elongated shape (Figure 1L), consistent with its SEC 

elution at a higher apparent molecular weight on Superdex 200 

(S200) compared with Superose 6 (S6) (Figures S1A and S1B). 

The SAXS-derived molecular envelope revealed an elongated, 

symmetric dimer (Figure 1M), reflecting a conformational rear-

rangement from BCL-w M (Figure 1C). In contrast to the X-ray 

structure of a C-terminally truncated BCL-X L dimer, 16 which 

demonstrates an elongated α5-α6 helix with linear overlap at 

the center of the dimer flanked by globular ends (Figure S1G), 

here we observe the opposite for full-length BCL-w D , with the 

globular portion juxtaposed at the center of the dimer and 

more linear portions extending outward in opposite directions 

(Figure 1M).

To model a conformational arrangement for BCL-w D compat-

ible with the SAXS-derived molecular envelope, we performed 

molecular dynamics (MD) simulations. As a starting point, we 

used the crystal structure of a truncated and point-mutated 

BCL-w dimer, which features a distinctive domain-swapped ar-

chitecture whereby helices α3 and α4 from each monomer hinge 

outward and cross into the partner protomer to engage the 

contralateral α5-α6 hairpin (Figure S1H). 15 This rearrangement 

is enabled by flexible hinge regions between α2-α3 and α4-α5, 

which reorient the helical segments into a more extended confor-

mation (Figure S1H). Prior to simulation, we rebuilt the missing N-

and C-terminal residues and reverted the point mutations to 

generate a wild-type (WT), full-length species. The system was 

fully relaxed, allowing the model to explore conformational 

space and adapt to the SAXS-derived envelope, capturing po-

tential dynamic features and deviations from the crystal confor-

mation otherwise present in solution. What emerged was a 

domain-swapped architecture observed crystallographically 

but with modified helical pitches and interprotomer spacings, re-

flecting a significant structural deviation from the compact 

monomeric fold (Figures 1N and 1O). The globular core is 

composed of the α5-α6 hairpin of one protomer engaging the 

α3-α4 hairpin of the opposite protomer, each α5-α6 hairpin 

aligned nearly perpendicular to its α3-α4 partner. Intriguingly, 

both α5-α6 hinges are oriented in the same direction, ideally 

positioned for symmetric membrane engagement. These core 

helices are bookended on each side of the dimer by the conflu-

ence of α1, α2, α7, and α8. The components of the SAXS-derived 

envelope that project outward from the globular core are
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Figure 1. Production and characterization of a full-length BCL-w dimer

(A) Structure of BAX M (aa 1–192, PDB: 1F16).

(B) Fos-12 treatment of BAX M (black) yields BAX O (blue) of ∼150 kDa by SEC.

(C) Structure of BCL-w M lacking 10 C-terminal residues (aa 1–183, PDB: 1O0L), demonstrating a similar overall fold as BAX.

(D) Fos-12 treatment of BCL-w M (aa 1–193) (teal) yields BCL-w D (pink) of ∼40 kDa by SEC.

(E) Structure of dimeric BAX α2-α5 (aa 53–128 C62S/C126S, PDB: 4BDU).

(F) Expression and purification of GFP-BAX α2-α5 (aa 53–128, black, 37 kDa) yielded a dimer of BAX dimers (tetramerization mediated by GFP), but the analogous 

preparation of GFP-BCL-w α2-α5 (aa 42–112, teal, 36 kDa) produced a monomer.

(G) GFP-BCL-w α1-α5 and α1-α6 remain monomeric in the presence (light green and light blue) or absence (dark green and dark blue) of Fos-14. GFP-BCL-w α1-

α8 (dark purple) dimerizes in response to Fos-14 treatment (light purple).

(H) N-terminal (aa 1–39), C-terminal (aa 157–193), or dual N-/C-truncation of BCL-w does not prevent dimerization, as evidenced by the similar SEC elution 

profiles of Fos-14-treated BCL-w D ΔN (purple), BCL-w D ΔC (orange), BCL-w D ΔNΔC (yellow), and BCL-w D (pink).

(I–M) SAXS analysis of BCL-w D (I), including Guinier plot (J), size and spatial characteristics (K), plot of P(r) versus particle radius (r) (L), and 3D envelope (M).

(N and O) MD-derived model of full-length BCL-w D within the 8 A ˚ shell (N) and its structural features (O).

See also Figures S1 and S2 and Video S1.
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occupied by portions of the unstructured N terminus and α1-α2 

loop and the C-terminal region of each protomer (Figures 1N 

and 1O). This MD-derived structure is consistent with α2-α8 rep-

resenting a key self-association component of the dimer 

(Figures 1F–1H), with the N- and C-terminal regions projecting 

outward and thus accessible for interaction.

To probe the relative conformational stability and consistency 

of the calculated model structure, we compared simulations

within 8, 10, and 12 A ˚ shells. In each case, the dimeric species

rapidly equilibrated and converged on an overall similar fold, 

as reflected both by highly consistent difference distance matrix 

plots (DDMPs) when compared with the crystal structure of a 

truncated BCL-w dimer 15 and per-residue root-mean-square 

fluctuations (RMSFs) of α-carbons (Figures S2A–S2G). Upon 

removing the constraints of the SAXS shell, two predominant 

conformers emerged: an extended version mirroring that 

observed within the SAXS shell and a more compact species 

that results from the C-terminal region bearing down on the 

nearby surface composed of α1 and α2 and the adjacent α3-α4 

hairpin (Figures S2H and S2I; Video S1). Mapping the surface 

electrostatic potential revealed that the compact form consoli-

dates the distinctive charge distribution of BCL-w D , forming an 

electrostatic funnel that could drive dimeric assembly and stabil-

ity (Figure S2J).

To corroborate these SAXS/MD findings and investigate the 

conformational changes induced by dimerization, we performed 

hydrogen deuterium exchange mass spectrometry (HDX-MS). 

Prominent and persistent regions of conformational deprotec-

tion upon dimer formation occurred at the N terminus of BCL-

w, including α1, the α1-α2 loop, and α2 (Figures 2A–2C; Data 

S1). Notably, α1 and the α1-α2 loop were previously observed 

to be key regions of deprotection upon conversion of BAX M to 

BAX O . 
14 Additional changes upon BCL-w dimerization included 

deprotection of the α2-α3 and α4-α5 hinges (the very regions 

that must pivot to permit α3-α4 hairpin exchange), the α5-α6 

hairpin, and the α7-α8 hinge, and transient protection of proximal 

α3, the α8-α9 loop, and α9 (Figures 2A–2C). The HDX-MS data 

validate that BCL-w undergoes a major conformational change 

upon dimerization, with striking alterations across the N-terminal 

region, junctions of the domain-swapped α3-α4 hairpin, α5-α6 

hairpin, and C terminus.

To further investigate this structural transformation, we per-

formed chemical crosslinking and MS analyses, comparing the 

proximity of BCL-w residues before and after dimerization. We 

subjected BCL-w M and BCL-w D to chemical reagents that either 

crosslink amine (K) or acidic (D and E) residues within a distance

range of 7.7–20.4 A ˚ 14,22 (Table S1A). After SDS-PAGE separation

of crosslinked BCL-w M and BCL-w D , MS analyses were per-

formed on the monomeric bands to detect intramolecular cross-

links enriched in the monomeric versus dimeric states. To vali-

date our method, we mapped the BCL-w M -enriched crosslinks 

onto the BCL-w NMR structure (PDB: 1O0L) and, after account-

ing for conformational flexibility of loop regions, we confirmed 

that the identified crosslinks were compatible with the NMR 

structure of BCL-w M (Figure 2D; Table S1B; Data S2). Upon for-

mation of BCL-w D , there was a prominent decrease in discrete 

crosslinks between α2 and α9 and enrichment of crosslinks (1) 

within α1 and between α1 and the α1-α2 loop and between (2)

α1 and α2, (3) the α1-α2 loop and α2, (4) α2 and α3, and (5) α1 

and α9 (Figure 2E; Table S1C; Data S2). Comparative mapping 

of these newfound crosslinks onto the NMR structure of BCL-

w M and the MD-derived structure of BCL-w D revealed predom-

inant compatibility with the dimeric species (Table S1C; Data 

S2). These crosslinking data are consistent with prominent 

exposure of the α1/α2 region upon dimerization, as detected 

by HDX-MS (Figures 2A–2C), and further indicate that this 

conformational change brings the N-terminal region in closer 

proximity to itself and to α3, α4, and α9 within the monomeric 

units of BCL-w D .

Dimeric BCL-w inhibits BAX O
Given the yin-and-yang relationship between pro- and anti-

apoptotic monomers, we hypothesized that higher-order forms 

may interact to provide a further layer of regulation within the 

MOM. To test this hypothesis, we generated fluorescent 

BAX O trackable by fluorescence SEC (FSEC). Whereas incu-

bating fluorescein isothiocyanate (FITC)-BAX O with BCL-w M 

had little to no effect on its elution profile, exposure to BCL-

w D completely converted FITC-BAX O to a lower-order species 

(Figure 3A). These data suggest that direct interaction between 

BCL-w D and BAX O disrupted the higher-order oligomerization 

state of BAX. To validate this result by a distinct experimental 

method, we performed chemical crosslinking with 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) of 

BAX O alone and in the presence of BCL-w M or BCL-w D , and 

then monitored BAX migration by reducing gel electrophoresis 

and silver stain. Again, we observed little to no change in the 

BAX O oligomerization state upon incubation with BCL-w M but 

near complete elimination of higher-order BAX species upon 

crosslinking in the presence of BCL-w D (Figure 3B). The iden-

tical result was obtained with added liposomes mimicking the 

MOM 23 (Figures S3A and S3B). Western analyses confirmed 

that BAX O was indeed converted to lower molecular weight 

species that contained BCL-w upon incubation with BCL-w D 
but not BCL-w M (Figures 3C and 3D). Of note, detected species 

reflect conformers accessible to the crosslinker, whereas other 

assemblies may not be trapped under these conditions.

We next assessed whether BCL-w D inhibition of BAX oligo-

merization suppressed BAX-mediated mitochondrial apoptosis 

by monitoring cytochrome c release from liver mitochondria of 

AlbCre pos Bax f/f Bak − /− mice. 24 Whereas BCL-w M had no inhibi-

tory effect on BAX O -mediated cytochrome c release, BCL-w D 
caused dose-responsive inhibition (Figure 3E). To determine if 

the BCL-w D mechanism involved the canonical groove, we intro-

duced a G94E mutation, previously shown to abrogate mono-

meric function, 25 and confirmed that it eliminated BCL-w’s ability 

to block truncated BH3 interacting domain death agonist (tBID)- 

triggered, BAX M -mediated cytochrome c release (Figure 3F). 

However, G94E mutagenesis did not prevent Fos-14-induced 

dimerization of BCL-w (Figure S3C), nor did it disrupt the capac-

ity of BCL-w D G94E to dose-responsively block BAX O -mediated 

cytochrome c release (Figure 3G). As an orthogonal approach, 

we further tested the effect of ABT-737, a small molecule that 

inhibits BCL-w, 6 on the function of monomeric and dimeric 

BCL-wΔC, using the C-terminally deleted form to maximize 

ABT-737 targeting of the canonical groove. Consistent with
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the G94E experiments, ABT-737 dose-responsively blocked 

BCL-w M inhibition of tBID-triggered, BAX M -mediated cyto-

chrome c release but had no disruptive effect on dimerization 

(Figure S3D) or BCL-w D inhibition of BAX-mediated cytochrome 

c release (Figure 3H). These data indicate that BCL-w D directly 

interacts with BAX O , disrupts its higher-order oligomerization, 

and inhibits its mitochondrial membrane-permeabilizing func-

tion. Importantly, the activity of BCL-w D is independent of the ca-

nonical groove, such that neither G94E mutagenesis nor ABT-

737 disrupts dimerization or its capacity to inhibit BAX O .

Conformational consequences of BCL-w D /BAX O 

interaction

To interrogate how exposure of BAX O to BCL-w D influences its 

conformation and thus function, we returned to HDX-MS. 

BAX O was incubated with excess BCL-w D , and the resulting

A

B C

D E

Figure 2. Analysis of the conformational transformation of monomeric to dimeric BCL-w by HDX-MS

(A–C) Deuterium difference plot showing the relative deuterium incorporation of BCL-w D minus BCL-w M as measured over time in solution (A), with areas of 

conformational deprotection (increased exchange, orange scale) and protection (decreased exchange, green scale) at 10 min (significance threshold, ±0.5 Da) 

mapped onto BCL-w M (PDB: 1O0L) (B) and MD-derived BCL-w D (C). Data are representative of at least four biological replicates.

(D and E) To compare the proximity of structural regions in the monomeric unit of BCL-w before and after dimerization, MS analyses were performed on 

chemically crosslinked BCL-w M and BCL-w D , and crosslinks 10-fold or more enriched in the monomeric versus dimeric states were identified. Crosslinks 

satisfying linker-length constraints are mapped onto BCL-w M (PDB:D 1O0L) (D) and MD-derived dimer (E).

See also Data S1 and S2 and Table S1.
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deuterium exchange profile was compared with that of BAX O 

alone. The predominant effect of BCL-w D was to induce tran-

sient deprotection of α1 and persistent deprotection of the α2-

α3 hinge, α6, and distal α9 (Figures 4A–4C; Data S1), with the 

latter regions otherwise buried in oligomeric and membrane-

embedded BAX O 
14 (Figures S4A and S4B). Mapping these de-

protected regions onto the structure of BAX O 
13 provides fresh 

insight into how BCL-w D may disrupt BAX O through disengaging 

its repeating units, including α9/α9 interactions between tetra-

mers, α6/α6 interactions between asymmetric dimers, α2/α3 in-

teractions within asymmetric dimers, and membrane-targeting 

components, such as α6 and α9 (Figure 4C). We next incubated 

BCL-w D with excess BAX O and compared the HDX-MS profile 

with that of BCL-w D alone. Upon incubation with BAX O , BCL-

w D exhibited prominent regions of persistent protection in α1,

the α1-α2 loop, and α2 (Figures 4D–4F; Data S1), the regions 

found to have the highest level of deprotection upon conversion 

of BCL-w from monomer to dimer (Figures 2A–2C). Further 

affected areas include prominent protection of the α2-α3 and 

α4-α5 hinges, α6, and α9, and transient deprotection of proximal 

α9, all key BCL-w regions implicated in conformational alteration 

upon dimerization. Intriguingly, these same regions in BAX lie at 

its dimer-dimer and protein-membrane interfaces (Figures 4C 

and S4B). Thus, the HDX-MS studies suggest that upon interac-

tion with BAX O , the very regions that are conformationally 

exposed upon BCL-w D formation become engaged and re-pro-

tected, resulting in exposure of BAX O regions implicated in self-

association and membrane interaction. 14

To further explore these findings, we chemically crosslinked 

BAX O in the presence of BCL-w D , focusing first on enriched

A B C D E

F G H

Figure 3. Dimeric BCL-w inhibits BAX oligomerization and function

(A) Higher-order oligomerization of FITC-BAX O (blue) is essentially unaffected by co-incubation with BCL-w M (teal) but fully shifted to a lower molecule weight 

species upon treatment with BCL-w D (pink).

(B–D) Chemical crosslinking (EDC) of BAX O alone or in the presence of monomeric or dimeric BCL-w (equimolar BAX and BCL-w based on monomeric content; 

3.5 μM each) demonstrates that BCL-w D eliminates higher-order crosslinked BAX O bands (B). BAX (C) and BCL-w (D) western analyses showed BAX O conversion 

to lower molecular BAX species (asterisks) that contained BCL-w within the crosslinked bands upon incubation with BCL-w D but not BCL-w M . Experiments were 

performed twice using independent protein preparations/reagents with similar results.

(E) BCL-w D , but not BCL-w M , inhibits BAX O -mediated cytochrome c release from liver mitochondria isolated from AlbCre pos Bax f/f Bak − /− mice, as measured by 

ELISA assay. BAX O , 100 nM; BCL-w M , 100 nM; BCL-w D , 25–100 nM.

(F and G) G94E mutagenesis abrogates the capacity of BCL-w M to block tBID-triggered BAX M -mediated cytochrome c release (F) but does not affect the ability of 

BCL-w D to dose-responsively inhibit BAX O -mediated cytochrome c release. BAX M , 100 nM; tBID, 20 nM; BCL-w M, 100 nM; BCL-w M G94E, 25–100 nM; BAX O , 

100 nM; BCL-w D and BCL-w D G94E, 25–100 nM.

(H) ABT-737 dose-responsively inhibits BCL-w M ΔC blockade of tBID-triggered, BAX M -mediated cytochrome c release but does not disrupt the BAX-suppressive 

effect of BCL-w D ΔC. BAX M , 100 nM; tBID, 20 nM; BCL-w M ΔC, 100 nM; BCL-w D ΔC, 100 nM; ABT-737, 100–500 nM.

For mitochondrial experiments, data are mean ± SD for cytochrome c ELISA assays performed in technical quadruplicate and repeated twice with independent 

protein/mitochondrial preparations. BAX M , BAX O , BCL-w M , and BCL-w D concentrations are based on monomeric protein content.

See also Figure S3.
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BAX O crosslinks arising from exposure to BCL-w D . The majority 

of induced proximities involved the α1/α1-α2 loop region of 

BAX, which is unresolved in the BAX O structure, 13 in addition 

to crosslinks within the α2-α5 region (Figures S4C–S4E; 

Table S2; Data S2). These data again suggest that at least a 

portion of the conformational change in BAX O upon BCL-w D 
engagement results in mobilization of the N-terminal region, 

consistent with its altered range of interactions. 14 We next 

searched for intermolecular crosslinks to pinpoint regions of 

BAX O -BCL-w D interaction and detected crosslinks between 

α1 residues of BAX O and α1, α2-α4, and α9 residues of BCL-

w D (Figure S4F; Table S3; Data S2). The similarity of crosslinked 

residues enriched in BCL-w D upon homo-dimerization 

(Table S1C) and upon exposure to BAX O (Table S3) suggests 

potential homology between homo- and hetero-interactions 

within BCL-w D and upon BAX O /BCL-w D engagement, respec-

tively. Specifically, α1 residues of both BAX O and BCL-w D 
crosslink to a subset of identical residues that colocalize on

A

B C

D

E F

Figure 4. Reciprocal changes in the HDX-

MS profiles of BAX O and BCL-w D upon 

interaction

(A–C) Deuterium difference plot showing the rela-

tive deuterium incorporation of BAX O plus excess 

BCL-w D minus BAX O alone in solution (A), with 

areas of protection and deprotection of BAX O at 

10 min mapped onto BAX M (PDB: 1F16) (B) and 

BAX O (PDB: 9IXU) (C) (significance threshold, ±0.5 

Da). Data are representative of at least three bio-

logical replicates.

(D–F) Deuterium difference plot showing the rela-

tive deuterium incorporation of BCL-w D plus 

excess BAX O minus BCL-w D alone in solution (D), 

with areas of protection and deprotection of BCL-

w D at 10 min mapped onto BCL-w M (PDB: 1O0L) 

(E) and MD-derived BCL-w D (F) (significance 

threshold, ±0.5 Da). Data are representative of two 

independent biological replicates.

See also Figures S4 and S5 and Data S1.

the surface of BCL-w D (Figures S4F 

and S4G). Upon oligomer formation, α1 

residues of BAX crosslink to a defined 

cluster of α1-α4 surface residues on 

BAX O 
14 (Figure S4H). These findings 

suggest that the α1 motifs of BCL-w D 
and BAX O constitutively engage binding 

sites on their respective protein sur-

faces, but upon exposure to one 

another, they may engage in reciprocal 

competitive interactions that alter their 

conformations and promotes BAX O 

dissociation.

To probe this hypothesis of competi-

tive binding sites that involve α1 inter-

action, we generated a fluorescently 

labeled, stapled alpha-helix of BAX α1 

(FITC-SAH-BAX α1 ) and measured its 

binding interactions with BCL-w M and 

BCL-w D by fluorescence polarization (FP) binding analyses. 

We observed that SAH-BAX α1 bound to BCL-w D with an EC 50 

of 130 nM but showed little to no interaction with BCL-w M 

(Figure S5A). To examine the conformational consequences of 

binding, we compared the HDX-MS profiles of BCL-w D in the 

presence and absence of SAH-BAX α1 and observed deprotec-

tion of the N-terminal region, including α1, the α2-α3 hinge, 

and proximal α9, and protection of distal α9, areas that are in 

unique proximity to one another in the MD-derived structure of 

BCL-w D (Figures S5B and S5C). These HDX-MS findings are 

consistent with the stapled peptide displacing the endogenous 

α1, resulting in its deprotection and conformational perturbation 

of the adjacent α2-α3 hinge and α9 helix. Notably, these areas of 

conformational alteration colocalize with the cluster of crosslinks 

observed between the endogenous BCL-w α1 and BCL-w D 
(Figure S5D). We then performed the converse experiment, eval-

uating the binding activity of FITC-SAH-BCL-w α1 for BAX. Again, 

the stapled peptide demonstrated binding specificity for BAX O
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(EC 50 , 266 nM) over BAX M (Figure S5E). In the corresponding 

HDX-MS analysis, engagement of BAX O by BCL-w α1 caused 

prominent protection of the α1/α2 region, the very site of en-

riched crosslinks to endogenous α1 upon BAX O formation 14 

(Figures S5F–S5H). Protection of α6 and the C-terminal region, 

albeit less prominent, was also observed, which could reflect 

allosteric changes in BAX O upon FITC-SAH-BCL-w α1 binding 

to the α1/α2 region. To test the functional relevance of BCL-w D 
and BAX O α1s in mediating BAX O inhibition, we assessed the 

impact of N-terminal deletion of each protein, individually and 

in combination, on mitochondrial cytochrome c release. 

Whereas deletion of either N terminus alone only modestly 

reduced BAX O inhibition, with BCL-w D truncation having a 

greater effect than BAX O truncation, deletion of both N termini 

markedly impaired inhibition. Indeed, dual deletion restored a 

significant portion of BAX O ΔN’s membrane-permeabilizing ac-

tivity (Figure S5I), pointing to a reciprocal mechanism of regula-

tion involving the N termini of BCL-w D and BAX O .

Reversal of BAX O -induced disruptive membrane 

curvature by BCL-w D
Our biochemical and structural data implicate a mechanistic role

of direct protein-protein interaction in BCL-w D inhibition of 

BAX O . Because the ‘‘execution phase’’ of BAX-mediated

apoptosis occurs in the MOM, we next investigated how these 

higher-order species of BCL-w and BAX interact with the mem-

brane itself to influence the poration functionality of BAX O . The 

local shape at any given point on a membrane surface is charac-

terized by its two orthogonal principal curvatures, c 1 and c 2 ,

which are used to describe general deformations of a membrane 

surface by two general expressions: the mean curvature, H =
1 
2
(c 1 + c 2 ), and the Gaussian curvature, K = c 1 c 2 . For a flat sur-

face, both principal curvatures are zero, such that H = 0 and 

K = 0; for a dome-shaped surface, both principal curvatures

are positive, and therefore H > 0 and K > 0; and for a saddle-

shaped surface that is convex in one direction and concave in 

the other, c 1 and c 2 have opposite signs, resulting in negative

Gaussian curvature (NGC) (Figure 5A). NGC is a geometric 

requirement for a variety of membrane-destabilizing processes, 

including the formation of transmembrane pores during mito-

chondrial apoptosis. 26–28 By contrast, the induction of positive 

Gaussian curvature (PGC) can inhibit membrane-permeating ac-

tivity by counteracting NGC. 29

With these principles in mind, we applied SAXS to examine the 

effect of BAX O on membrane curvature. SAXS demonstrated

that BAX O restructured lipid vesicles into bicontinuous cubic 

phases rich in NGC (Figures 5B and 5C), facilitating the sad-

dle-shaped membrane deformation modes required to form 

stable transmembrane pores. We observed a coexistence 

of two cubic phases: (1) a Pn3m cubic phase (q ratios 

√2:√3:√4:√6) with a lattice constant of a Pn3m = 20.7 nm and 

(2) an Im3m cubic phase (q ratios √2:√4:√6:√8:√10:√12)

with a lattice constant of a Im3m = 26.3 nm (Figure 5B). The coex-

istence of Pn3m and Im3m cubic phases in the system, with a ra-

tio of lattice parameters close to the Bonnet ratio of 1.279, 30 in-

dicates that the system is near equilibrium and the induced NGC

is balanced. The average amount of Gaussian curvature, K, in a

cubic phase can be calculated using the equation 〈K〉 = 2πχ=

A 0 a 
2 , where a is the lattice parameter, and χ and A 0 are con-

stants specific to each cubic phase. 31,32 Using the lattice con-

stants of Pn3m and Im3m, we calculated that BAX O can induce 

〈K〉 = − 0.015 nm − 2 on the membrane (Figure 5B). Strikingly, co-

treatment with BCL-w D dose-responsively reversed the mem-

brane-disruptive NGC induction by BAX O (Figure 5D). Specif-

ically, we kept the protein-to-lipid (P/L) molar ratio of BAX O 

constant and increased the (P/L) molar ratio of X = BCL-w D / 

BAX O from X = 0 to X = 2 (Figure 5D). The addition of BCL-w D , 

but not BCL-w M , induced drastic suppression of all cubic 

phases, even at a molar ratio of X = 0.25 (Figures 5D and S6A). 

As the concentration of BCL-w D increased, a lamellar phase 

with zero mean and Gaussian curvature was formed (Figure 5D). 

To investigate the mechanistic basis of BCL-w D ’s neutralizing 

activity, we tested whether BCL-w D was capable of indepen-

dently inducing PGC on membranes. A model membrane 

composed of 100% phosphatidylethanolamine (PE) lipids can 

form an inverted hexagonal phase with no NGC (q ratios 

√1:√3:√4:√7 with a hexagonal = 7.4 nm corresponding to H =

− 0.067 nm − 1 ) and cubic phases rich in NGC (a Pn3m = 13.9 nm 

and a Im3m = 17.4 nm corresponding to 〈K〉 = − 0.034 nm − 2 ) 

(Figure 5E). The addition of BCL-w D completely eliminated all cu-

bic diffraction peaks and ablated the cubic phase (Figures 5E 

and 5F) in a manner consistent with BCL-w D ’s turn-off of cubic 

phases induced by BAX O . These data indicate that in addition 

to the impact of BCL-w D interaction on the oligomeric state of 

BAX, the proximity of BCL-w D to BAX O in the membrane context 

has a direct effect on the curvature of the membrane itself, 

neutralizing BAX O -mediated NGC that otherwise induces 

permeabilization.

Dimeric BCL-w blocks mitochondrial translocation of 

BAX O and induces its retrotranslocation

Given the direct influence of BCL-w D on BAX O and the curvature 

of the membrane, the very target of BAX function, we sought to 

understand the mechanistic implications of the SAXS data at the 

level of the mitochondria. We developed an assay system 

whereby BAX O or BCL-w D is incubated with mitochondria puri-

fied from the livers of AlbCre pos Bax f/f Bak − /− mice, followed by 

isolation and resuspension of the pellet. Then, the mitochondria 

pretreated with BAX O or BCL-w D are exposed to increasing 

doses of added BCL-w D or BAX O , respectively, followed by 

isolation of the supernatant and pellet, which are analyzed by 

electrophoresis and western blotting (Figure 6A). As we previ-

ously reported, 14 BAX O autotranslocates to mitochondria, evi-

denced by its presence in the pellet (Figure 6B). As the dose of 

BCL-w D was increased, BAX relocated from the mitochondrial 

pellet to the supernatant, with near-total retrotranslocation at a 

4:1 ratio (based on monomeric content) of BCL-w D to BAX O , 

as added at the preloading step (Figure 6B). Probing for BCL-

w revealed that, initially, BCL-w D translocated to the pellet, but 

starting at the doses that induced BAX retrotranslocation (2:1 

BCL-w D /BAX O ), the mitochondrial localization of BCL-w began 

to decrease (Figure 6C). At the 4:1 ratio of BCL-w D /BAX O , 

BCL-w D was predominantly localized in the supernatant, 

whereas at the same 4:1 ratio, BCL-w M partitioned relatively 

equally between the two fractions and did not retrotranslocate 

BAX (Figure 6C). These data indicate that the dimer, rather
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than the monomer, of BCL-w is the species that retrotranslo-

cates mitochondrial BAX O .

We next examined whether preloading mitochondria with 

BCL-w D could block BAX O translocation from supernatant to 

mitochondria. As a control for this reverse experiment, we 

demonstrated that BAX O dose-responsively translocated to the

pellet of untreated mitochondria (Figure 6D). However, when 

the mitochondria were preloaded with BCL-w D , BAX O transloca-

tion was blocked, with the inhibitory effect of BCL-w D only start-

ing to be overcome at a 4:1 excess of BAX O (Figure 6E). In 

contrast to the retrotranslocation context, levels of BCL-w in 

the supernatant and mitochondrial pellet were constant across

A B C

FED

Figure 5. BCL-w D neutralizes the disruptive effect of BAX O on membrane curvature

(A) Schematic of flat (upper left), dome-shaped (upper right), and saddle-shaped (bottom left) surfaces that contribute to the formation of transmembrane pores 

(bottom right), reflecting zero, positive, and negative Gaussian curvatures.

(B) SAXS spectra of model membranes (small unilamellar vesicles [SUVs]) containing phosphatidylethanolamine (PE), phosphatidylcholine (PC), and cardiolipin

(CL) at a PE/PC/CL ratio of 75/20/5 alone (black) and upon incubation with BAX O (0.476 g/L) at a protein-to-lipid ratio (P/L) of 1/3,500 (blue). The insert shows plots

of measured Q positions versus assigned reflections as Miller indices 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ 
h 2 +k 2 +l 2

√ 
for cubic phases. Lattice parameters were calculated from slopes of linear

regressions.

(C) Pn3m and Im3m cubic phases generated by BAX O , with features of predominant NGC.

(D) SAXS spectra of PE/PC/CL 75/20/5 SUVs incubated with BAX O alone or with increasing amounts of BCL-w D (X = BCL-w D :BAX O molar ratio based on 

monomeric protein), demonstrating dose-responsive blockade of BAX O -induced NGC. BAX O , 0.476 g/L; BCL-w D , X = 0.25, 0.119 g/L; X = 0.5, 0.238 g/L; X = 1, 

0.476 g/L; X = 2, 0.952 g/L.

(E) SAXS spectra of 100% PE model membrane (black) demonstrate the inherent inverse hexagonal phase with a negative mean curvature of H = − 0.067 nm − 1 

and bicontinuous cubic phase reflective of NGC (〈K〉 = − 0.034 nm − 2 ). Addition of BCL-w D (blue, 0.2 g/L; pink, 0.4 g/L) dose-responsively suppresses negative 

mean curvature and NGC by inducing PGC and formation of a lamellar phase.

(F) Schematic of structures classified by SAXS, including cubic, hexagonal, and lamellar phases, which reflect the progressive reduction of membrane curvature.
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BAX O :BCL-w D ratios, with BCL-w remaining in the mitochondria 

throughout (Figure 6F). Finally, we asked whether the dimer-

dependent activities observed for BCL-w are relevant to other 

anti-apoptotic proteins. We found that full-length BCL-X L also 

undergoes Fos-14-induced dimerization as monitored by SEC 

(Figure S6B) and that BCL-X LD , but not BCL-X LM , dose-respon-

sively blocks BAX O -mediated cytochrome c release (Figure S6C) 

and induces BAX O retrotranslocation from mitochondria 

(Figure S6D). Taken together, the SAXS and mitochondrial data 

suggest that the capacity of BCL-w D to induce PGC in mem-

branes likely contributes both to preventing BAX O from translo-

cating to mitochondria that contain BCL-w D and inducing the 

retrotranslocation of mitochondrial BAX O . We further find that 

BCL-w D , rather than BCL-w M , is the active anti-apoptotic spe-

cies involved in BAX O retrotranslocation.

Mutagenesis of the membrane-regulatory region of 

BCL-w D impairs anti-apoptotic function in cells

To further validate our mechanistic conclusions in cells, we sought 

to identify mutants that would prevent BCL-w D from exerting its 

membrane-modifying effects. We previously reported that the 

α6 region of BAX is composed of hydrophobic and positively

A

B

C

D

E

F

G

H

I J

Figure 6. BCL-w D inhibits BAX O through 

protein and membrane interaction, block-

ing mitochondrial translocation and

inducing retrotranslocation

(A) Workflow for mitochondrial retrotranslocation

(left) and translocation (right) assays.

(B and C) Preincubation of BAX/BAK-deficient 

mitochondria with BAX O (1 μM) followed by isolation 

of the mitochondrial pellet demonstrates auto-

translocation, as detected by BAX western blot of the 

electrophoresed samples (B). Treatment of BAX O -

containing mitochondria with increasing doses of

BCL-w D (0.5–4 μM) leads to retrotranslocation of 

BAX from mitochondria to supernatant (B). Whereas

BCL-w D initially and dose-responsively translocates

to the mitochondrial pellet, starting at the same

dosing ratio that produces retrotranslocation of BAX 

(1:2 BAX O :BCL-w D ), BCL-w D shifts to being pre-

dominantly in the supernatant rather than pellet (C).

Applying the same concentration of BCL-w protein 

that produces maximal BAX translocation by BCL-

w D , BCL-w M exhibits no BAX retrotranslocation

activity and partitions relatively equally between su-

pernatant and pellet (C). Voltage-dependent anion

channel 1 (VDAC1) was used as a mitochondrial

marker and loading control.

(D) BAX/BAK-deficient mitochondria treated with 

increasing concentrations of BAX O (0.5–4 μM)

demonstrate dose-responsive autotranslocation of

BAX O to mitochondria, as detected by BAX western

blot of the pellet fraction.

(E and F) Pretreatment of mitochondria with BCL-w D
(1 μM), followed by re-isolation of mitochondria and

treatment with BAX O (0.5–4 μM), revealed blockade

of BAX O translocation (E). BCL-w western analysis of

supernatant and pellet fractions demonstrated that

BCL-w D partitioning between supernatant and pellet

fractions remained constant across BCL-w D :BAX O
treatment ratios (F).

(G and H) E109A/E114A/E116A/E124A (E4A) muta-

genesis of BCL-w impairs the capacity of BCL-w D
(1–4 μM) to retrotranslocate BAX O (1 μM) from

mitochondria.

(I) The capacity of BCL-w D to dose-responsively

negate BAX O -induced NGC is impaired upon E4A

mutagenesis, as evaluated by SAXS spectra of PE/

PC/CL 75/20/5 SUVs incubated with BAX O alone or

in combination with increasing amounts of BCL-w D
E4A (X = BCL-w D :BAX O molar ratio based on monomeric protein). BAX O , 0.476 g/L; BCL-w D E4A, X = 0.25, 0.119 g/L; X = 0.5, 0.238 g/L.

(J) BCL-w D E4A exhibits impaired induction of PGC compared with BCL-w D WT (Figure 5E), as measured by SAXS spectra of 100% PE model membrane in the

absence (black) and presence of increasing amounts of BCL-w D E4A (blue, 0.2 g/L; pink trace, 0.4 g/L).

Mitochondrial experiments were performed twice using independent protein/mitochondrial preparations with similar results.

See also Figures S6 and S7.
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charged residues, resembling antimicrobial peptides that induce 

plasma membrane rupture. 14 Intriguingly, 70% of electrostatic 

residues in the α5-α6 region of BAX are positively charged, 

whereas 71% in BCL-w are negatively charged (Figures S7A 

and S7B), leading us to hypothesize that these negatively charged 

residues are critical for the induction of PGC in the membrane. 

Thus, we generated a BCL-w E109A/E114A/E116A/E124A

A B

C

D

E F

G H

I J

K L M

Figure 7. Dissection of the canonical and 

non-canonical anti-apoptotic activities of 

BCL-w in cells

(A) BCL-w western blot of lysates from Bcl-w − /− 

MEFs and those reconstituted with WT, E4A, 

G94E, or G94E/E4A BCL-w protein.

(B and C) BAX western blot of the mitochondrial 

fraction isolated from MEF lysates, demonstrating 

relatively increased levels of mitochondrial BAX 

upon E4A mutagenesis (alone or with G94E), as 

compared with WT and G94E specimens (B). E4A 

mutagenesis increases BCL-w partitioning to 

mitochondrial pellet relative to cytosol (C). Ex-

periments were performed twice using indepen-

dent cell preparations with similar results.

(D) Combination treatment with ABT-263 (30, 

300 nM) and S63845 (20 μM) caused a progressive 

increase in GFP-positive cells exhibiting caspase-

3/7 activation as measured by ImageXpress Micro 

(IXM) high-content imaging at 6 h for MEFs re-

constituted with BCL-w WT, E4A, G94E, or G94E/

E4A. Data are mean ± SD for experiments per-

formed in technical quadruplicate and repeated 

twice with independent compound/cell prepara-

tions.

(E–H) Cell viability of Bcl-w − /− MEFs and those 

reconstituted with WT, E4A, G94E, or G94E/E4A 

BCL-w in response to treatment with the indicated 

serial dilution of ABT-263 combined with 5 μM 

S63845 at 8 h (E) and 12 h (F), or 15 μM S63845 at 

8 h (G) and 12 h (H). Data are mean ± SD for ex-

periments performed in technical quadruplicate 

and repeated twice with independent compound/ 

cell preparations.

(I–M) Canonical mode of inhibiting BAX-mediated 

apoptosis, as mediated by heterodimeric inter-

action between BCL-w and activated BAX 

monomers (I). Inhibition of BAX O by dimeric BCL-

w (J), which induces BAX O dissociation (K), PGC 

that counterbalances BAX O -mediated NGC (L), 

and BAX O retrotranslocation (M).

quadruple mutant (hereafter referred to 

as BCL-w E4A) and confirmed that BCL-

w M E4A retained BH3-binding activity—

inhibiting tBID-triggered, BAX-mediated 

cytochrome c release (Figure S7C)—and 

the ability to dimerize (Figure S7D). How-

ever, BCL-w D E4A was notably impaired 

in blocking BAX O -mediated cytochrome 

c release and BAX O retrotranslocation 

(Figures 6G, 6H, and S7E). BCL-w D E4A 

also failed to reverse the NGC induced 

by BAX O or independently induce PGC, 

as evaluated by SAXS (Figures 6I and 6J). 

With mutants to selectively probe the canonical and non-ca-

nonical functionalities of BCL-w in hand, we reconstituted Bcl-

w − /− mouse embryonic fibroblasts (KO MEFs) with BCL-w WT 

and a series of mutant constructs, including BCL-w E4A, 

G94E, and G94E/E4A (Figure 7A), and evaluated their relative in-

fluence on mitochondrial BAX levels (Figure 7B). We observed 

that E4A mutagenesis, whether alone or in combination with
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BCL-w G94E, resulted in increased mitochondrial levels of BAX 

as compared with WT or G94E BCL-w (Figure 7B). Like E4A 

mutagenesis, BCL-w KO also exhibited elevated mitochondrial 

levels of BAX relative to MEFs reconstituted with BCL-w WT or 

G94E. These data are consistent with relative loss of BAX retro-

translocation upon selective mutagenesis of the membrane-

altering feature of BCL-w. In alignment with this interpretation, 

the relative partitioning of BCL-w to the mitochondria was 

increased upon E4A mutagenesis (Figure 7C). These data 

corroborate our in vitro observations, whereby the mitochondrial 

levels of BCL-w D decreased in concert with BAX retrotransloca-

tion but accumulated in the mitochondria upon E4A mutagen-

esis, which caused marked impairment of BAX retrotransloca-

tion (Figures 6B, 6C, 6G, and 6H).

To evaluate the relative impact of BCL-w’s canonical and 

non-canonical functions on apoptosis induction, we compared 

caspase-3/7 activation upon combined treatment with the anti-

apoptotic BCL-2 protein inhibitors ABT-263 33 and S63845. 34 

We observed progressively impaired anti-apoptotic function 

of reconstituted BCL-w upon E4A, G94E, and G94E/E4A muta-

genesis, as reflected by increasing caspase-3/7 positivity 

among the corresponding GFP-positive cells (Figure 7D). In 

assessing comparative cell viability responses, reconstitution 

with BCL-w WT effectively rescued MEFs from the ABT-263/ 

S63845 combination, whereas the E4A, G94E, and G94E/E4A 

mutants again showed progressive impairment of anti-

apoptotic function, with combined disruption of canonical 

(G94E) and non-canonical (E4A) functions found to be as 

impaired as the KO (Figure 7E). The relative disruption of 

rescue by the E4A mutant as compared with WT persisted 

over time, with the distinctions between G94E and G94E/E4A 

mutants becoming less apparent and mirroring the response 

of KO MEFs (Figure 7F). Tripling the dose of S63845 in the 

drug combination increased the death response for KO MEFs 

and again revealed the progression in impaired rescue for the 

E4A, G94E, and G94E/E4A mutants (Figure 7G). Similar to 

the lower dosing regimen, monitoring over time revealed the 

increased death response for KO MEFs, a decrease in the 

distinction between G94E and G94E/E4A activities, and persis-

tence of the rescue defect upon E4A mutagenesis as compared 

with WT (Figure 7H). These cellular data suggest that the non-

canonical, membrane-altering activity of BCL-w not only 

regulates the constitutive level of BAX at the mitochondria 

during homeostasis but also influences cellular fate upon 

apoptosis induction, most prominently during the early phase 

of cell stress.

DISCUSSION

The commitment step of mitochondrial apoptosis has been 

framed as a duel between activated BAX/BAK and anti-

apoptotic monomers (Figure 7I). This ‘‘BH3-in-groove’’ para-

digm is structurally defined and clinically leveraged yet does 

not account for whether higher-order anti-apoptotic assemblies 

exist, how they might intersect with BAX oligomers, or how pro-

teins with such similar folds exert diametrically opposed func-

tions. Here, we identify and characterize a full-length, symmet-

ric dimer of BCL-w that operates downstream of BH3

sequestration to dismantle and retrotranslocate oligomeric 

BAX and help preserve mitochondrial integrity (Figure 7J). 

Biophysical and structural analyses converged on a distinctive 

architecture for BCL-w D . SEC-MALS and SEC-SAXS establish a 

∼41–48 kDa dimer with an elongated, symmetric envelope 

featuring a compact central core and outward-projecting ele-

ments. A structural model depicts the α3-α4 hairpin from each 

protomer engaged with the contralateral α5-α6 hairpin, gener-

ating a globular core, and the N- and C-terminal segments posi-

tioned outward for accessibility. HDX-MS corroborated a major 

conformational rearrangement upon dimerization, with exposure 

of the N-terminal region alongside changes across α3-α6 and α7-

α9, consistent with the model. Truncation mapping defined α2-

α8 as the minimal self-association unit, with α7-α8 identified as 

a determinant of dimer formation.

Against the backdrop of the BAX oligomer structure 13 —an 

array of asymmetric α2-α9 dimers that tetramerize into repeating 

units—BCL-w D directly disrupts higher-order BAX (Figure 7K). 

FSEC and crosslinking showed that BCL-w D , but not BCL-w M , 

converts BAX O into lower-order species. HDX-MS mapped the 

conformational consequences: in BAX, BCL-w D induces depro-

tection of α1, the α2-α3 hinge, α6, and distal α9, elements that 

mediate dimer-dimer contacts, membrane insertion, and inter-

tetramer connectivity in the oligomer. Reciprocally, the N-termi-

nal regions of BCL-w that become exposed during dimerization 

become protected upon BAX O engagement, indicating forma-

tion of an interface that disfavors oligomer maintenance. Cross-

linking localized intermolecular contacts to α1 residues in both 

partners and revealed homology between crosslinked residues 

enriched during BCL-w homo-dimerization and those engaged 

upon BAX O binding, supporting a competitive-interface model. 

BCL-w D α9 helices are poised to compete with BAX α9 interac-

tions that support homo-oligomerization.

Membrane mechanics add a cooperative layer of control, link-

ing the contrasting functions of pro- and anti-apoptotic proteins 

to opposing effects on membrane curvature. SAXS on lipid sys-

tems showed that BAX O induces NGC, whereas BCL-w D im-

poses PGC, extinguishing the NGC of BAX O (Figure 7L). At mito-

chondria, these opposing properties manifest as functional 

outcomes: BCL-w D blocks BAX O translocation and retrotranslo-

cates prebound BAX O back to the soluble fraction (Figure 7M). 

The effect depends on negatively charged amphipathic seg-

ments within the α5-α6 hairpins, which, in the context of BCL-w D , 

are symmetrically positioned for membrane engagement. An 

E109A/E114A/E116A/E124A-mutant BCL-w monomer retains 

BH3-groove binding and self-association, but the corresponding 

dimer loses curvature remodeling, retrotranslocation, BAX O inhi-

bition, and the capacity to fully rescue MEFs upon apoptosis in-

duction. Thus, BCL-w D integrates protein-protein competition 

with membrane-curvature reprogramming to dismantle the 

BAX lattice and reduce insertion competence of its α6 and α9 

regions.

Notably, these dimer-specific activities are independent of the 

canonical groove. Neither G94E mutagenesis nor ABT-737 

disrupt BCL-w dimerization or BCL-w D -specific suppression of 

BAX O . BCL-X L likewise forms a detergent-induced dimer that in-

hibits BAX O and drives retrotranslocation, suggesting that anti-

apoptotic dimers may represent a conserved regulatory class.
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Our results reposition anti-apoptotic proteins as active regula-

tors of the oligomeric execution machinery at the membrane, 

rather than monomeric sequestrants alone. Cellular analyses 

dissected distinct contributions of these canonical and non-ca-

nonical modalities in regulating apoptosis.

Our findings add a downstream tier to the central dogma of 

BCL-2 family control. Upstream, anti-apoptotic monomers pre-

vent the consequences of BAX activation by BH3 capture, and 

downstream, dimers oppose oligomeric BAX by contesting its 

interfaces and reversing its membrane curvature, raising the 

threshold for apoptosis by shuttling BAX away from the MOM. 

Because the monomeric and dimeric activities rely on non-over-

lapping structural determinants, they offer orthogonal therapeu-

tic entry points. Agents that disable anti-apoptotic dimers or 

blunt their membrane-curvature remodeling could complement 

BH3-mimetics to intensify tumor cell killing, whereas strategies 

that stabilize dimers or enhance PGC may be protective where 

pathological apoptosis predominates.

Limitations of the study

Our dimer model integrates SEC-SAXS, HDX-MS, crosslinking 

MS, and MD to define a symmetric architecture and map func-

tional interfaces, but atomic-resolution details await high-resolu-

tion structures of BCL-w D . Although we demonstrate reciprocal 

conformational changes and functional dismantling of BAX O , the 

stoichiometry, kinetics, and persistence of BCL-w D -BAX O 

engagement remain to be quantified with real-time approaches. 

Disentangling the sequence and sufficiency of protein-protein 

and protein-membrane contributions within the cellular environ-

ment is especially challenging. Selective mutants that prevent 

dimerization, disrupt the BAX interface, or attenuate membrane 

curvature as deployed here will continue to discern between alter-

native modes of apoptotic regulation. The physiological triggers 

and locales that influence the dimer-monomer balance, including 

cytosol versus mitochondria, membrane composition, cellular 

stresses, and post-translational modifications, remain to be es-

tablished. BCL-2 family redundancy and dynamic co-expression 

can complicate cellular interpretation. While BCL-w mirrors key 

dimer-dependent behaviors, a comprehensive map of which 

anti-apoptotic dimers form in which contexts and their relative 

contributions to BAX/BAK control during homeostasis and 

apoptosis induction also requires further investigation. Finally, 

the translational tractability of modulating dimerization or mem-

brane curvature awaits drug-like probes. Importantly, we view 

these limitations as invitations. Just as one of our inter-monomeric 

BAX O crosslinks defied the α2-α5 dimer structure 14,18 but now 

precisely maps to an inter-dimer contact in the elucidated BAX 

tetramer, 13 each advance in structure and mechanism will 

continue to reconcile the past and refine the models ahead.
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42. Piiadov, V., Ares de Araú jo, E., Oliveira Neto, M., Craievich, A.F., and Po-

likarpov, I. (2019). SAXSMoW 2.0: Online calculator of the molecular 

weight of proteins in dilute solution from experimental SAXS data 

measured on a relative scale. Protein Sci. 28, 454–463. https://doi.org/ 

10.1002/pro.3528.

43. Rambo, R.P., and Tainer, J.A. (2013). Accurate assessment of mass, 

models and resolution by small-angle scattering. Nature 496, 477–481. 

https://doi.org/10.1038/nature12070.

44. Franke, D., and Svergun, D.I. (2009). DAMMIF, a program for rapid ab-ini-

tio shape determination in small-angle scattering. J. Appl. Crystallogr. 42, 

342–346. https://doi.org/10.1107/S0021889809000338.

45. Phillips, J.C., Braun, R., Wang, W., Gumbart, J., Tajkhorshid, E., Villa, E., 
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-BCL-X L H-5 Santa Cruz Cat# sc-8392; RRID: AB_626739

Mouse monoclonal anti-FLAG M2 Sigma-Aldrich Cat# A8592; RRID: AB_439702

Mouse monclonal anti-V5 Thermo Fisher Scientific Cat# R961-25; RRID: AB_2556565

Mouse monoclonal anti-VDAC1 B-6 Santa Cruz Cat# sc-390996; RRID: AB_2750920

Mouse monoclonal anti-BAX 2D2 Santa Cruz Cat# sc-20067; RRID: AB_626726

Mouse monocloncal anti-BAX B9 Santra Cruz Cat# sc-7480; RRID: AB_626729

Rabbit monoclonal anti-BCL-w 31H4 Cell Signaling Technology Cat# 2724S; RRID: AB_10691557

Bacterial and Virus Strains

One Shot BL21(DE3) Competent Cells Invitrogen Cat# C600003;

Chemicals, Peptides, and Recombinant Proteins

Complete Protease Inhibitor Tablet Cocktail Sigma-Aldrich Cat# 16829800

SimplyBlue SafeStain Thermo Fisher Scientific Cat# LC6065

SeeBlue Plus2 Pre-Stained Protein Standard Invitrogen Cat# LC5925

IPTG Gold Biotechnology Cat# I2481C

Chitin bead resin New England Biolabs Cat# S6651S

Ni-NTA agarose Qiagen Cat# 30210

Sepharose CL-2B GE Healthcare Life Sciences Cat# 17014001

Dithiothreitol (DTT) Gold Biotechnology Cat# DTT25

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) Avanti Cat# 850725P

2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) Avanti Cat# 850375P

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine Avanti Cat# 850457C

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine Avanti Cat# 850757C

L-α-phosphatidylinositol (Liver, Bovine) (sodium salt) Avanti Cat# 840042C

1,2-dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) Avanti Cat# 840035C

Cardiolipin (Heart, Bovine) (sodium salt) Avanti Cat# 840012C

n-Dodecylphosphocholine (Fos-12) Anatrace Cat# F308

n-Tridecylphosphocholine (Fos-13) Anatrace Cat# F310

n-Tetradecylphosphocholine (Fos-14) Anatrace Cat# F312

N,N-Dimethyl-n-dodecylamine N-oxide (LDAO) Cube Biotechnology Cat# 16006

AffiPro Nep-2 column AffiPro Cat# AP-PC-004

Thrombin Sigma Cat# GE27-0846-01

Trypsin Promega Cat# VA 9000

Fluorescein 5-malemide AAT Bioquest Cat# 130

Glu-fibrinopeptide Sigma Cat# F3261

Bis(sulfosuccinimidyl) glutarate (BS2G) ThermoFischer Scientific Cat# 21610

Sulfo-NHS (N-hydroxysulfosuccinimide) Sigma Cat# 56485

1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC)

Sigma Cat# 03450

Ethylenediamine (EDA) Sigma Cat# N1925

2,2 ′ -(ethylenedioxy)bis(ethylamine) (EDDA) Sigma Cat# 385506

Empore C18 SPE Extraction Disks 3M Cat# 98060402173

Accucore C18 resin ThermoFischer Scientific Cat# 03-898-110
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DMEM Gibco Cat# 11960044

Fetal Bovine Serum (FBS) GeminiBio SKU# 100-106

Penicillin-Streptomycin Gibco Cat#15140122

L-Glutamine Gibco Cat# 25030081

10X RIPA lysis buffer Millipore Cat# 20-188

Anti-FLAG M2 Magnetic Beads Sigma-Aldrich Cat# M8823

Anti-V5 D3H8Q Magnetic Beads Cell Signaling Technology Cat# 31628

Tween 20 Sigma-Aldrich Cat# P1379

4X LDS Sample Buffer Thermo Fisher Scientific Cat# NP0008

ethylene glycol-bis(β-aminoethyl ether)- 

N,N,N’,N’-tetraacetic acid (EGTA)

Sigma-Aldrich Cat# 324626

Sucrose Sigma-Aldrich Cat# S0389

CHAPS Sigma-Aldrich Cat# 220201

PEG-it Virus Precipitation Solution System Bio Cat# LV810A-1

Recombinant BAX WT Walensky Lab N/A

Recombinant BAXΔN (aa 52-192) Walensky Lab N/A

Recombinant BAX D2C Walensky Lab N/A

Recombinant BAX α2-α5 (aa 53-128, C62S, C126S) Walensky Lab N/A

Recombinant BCL-w WT Walensky Lab N/A

Recombinant BCL-wΔC (aa 1-156) Walensky Lab N/A

Recombinant BCL-wΔN (aa 40-193) Walensky Lab N/A

Recombinant BCL-X L WT Walensky Lab N/A

Recombinant BCL-wΔNΔC (aa 40-156) Walensky Lab N/A

Recombinant BCL-w G94E Walensky Lab N/A

Recombinant BCL-w E109A/E114A/E116A/E124A Walensky Lab N/A

Recombinant BCL-w α2-α5 (aa 42-112, C107S) Walensky Lab N/A

Recombinant BCL-w α1-α5 (aa 1-112) Walensky Lab N/A

Recombinant BCL-w α1-α6 (aa 1-132) Walensky Lab N/A

Recombinant BCL-w α1-α8 (aa 1-156) Walensky Lab N/A

Critical Commercial Assays

Q5 Site Directed Mutagenesis Kit New England Biolabs Cat# E0554S

Pierce BCA Protein Assay Kit ThermoFisher Scientific Cat# 23225

Rat/Mouse Cytochrome c Quantikine ELISA Kit R&D Systems Cat# MCTC0

CellEvent™ Caspase-3/7 Thermo Fisher Scientific Cat# C10430

Lipofectamine LTX Reagent with Plus Reagent Thermo Fisher Scientific Cat# 15338100

Pierce Silver Stain Kit ThermoFisher Scientific Cat# 24612

Deposited Data

HDX MS Datasets Wales/Walensky Labs PRIDE ID: PXD049315

Experimental Models: Cell Lines

Human Embryonic Kidney 293T ATCC CRL-3216

Mouse Embryonic Fibroblasts (MEFs) ATCC CRL-2991

Bcl-w -/- MEFs Walensky Lab N/A

Bcl-w -/- MEFs reconstituted with WT, G94E, 

E4A, or G94E/E4A BCL-w protein

Walensky Lab N/A

p185+Arf − /− Mcl-1 del Bcl-w recon B-ALL Opferman Lab N/A

Recombinant DNA

Plasmid PTYB1 New England Biolabs Cat# E6901

Plasmid pET28a Sigma Cat# 69864

(Continued on next page)

ll

e2 Cell 188, 1–16.e1–e10, December 24, 2025

Please cite this article in press as: Newman et al., Inhibition of oligomeric BAX by an anti-apoptotic dimer, Cell (2025), https://doi.org/10.1016/ 
j.cell.2025.10.037

Article



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid PTYB1_BAX_WT Walensky Lab N/A

Plasmid PTYB1_BAX_ΔN (aa 52-192) Walensky Lab N/A

Plasmid PTYB1_BAX_D2C Walensky Lab N/A

Plasmid PTYB1_BCL-w_WT Walensky Lab N/A

Plasmid PTYB1_BCL-w_ΔC (aa 1-156) Walensky Lab N/A

Plasmid PTYB1_BCL-w_ΔN_thrombin Walensky Lab N/A

Plasmid PTYB1_BCL-X L _WT Walensky Lab N/A

Plasmid PTYB1_BCL-w_ΔN_ΔC_thrombin (aa1-156) Walensky Lab N/A

Plasmid PTYB1_BCL-w_G94E Walensky Lab N/A

Plasmid PTYB1_BCL-w_E109A_E114A_E116A_E124A Walensky Lab N/A

Plasmid pET28a_BCL-w α2-α5 (aa 42-112, C107S) Walensky Lab N/A

Plasmid pET28a_BCL-w_ α1-α5 (aa 1-112) Walensky Lab N/A

Plasmid pET28a_BCL-w_α1-α6 (aa 1-132) Walensky Lab N/A

Plasmid pET28a_BCL-w_α1-α8 (aa 1-156) Walensky Lab N/A

Plasmid pMIG_BCL-w Walensky Lab N/A

Plasmid pMIG_BCL-w_E109A_E114A_E116A_E124A Walensky Lab N/A

Plasmid pMIG_BCL-w_G94E Walensky Lab N/A

Plasmid pMIG_BCL-w_G94E_E109A_ 

E114A_E116A_E124A

Walensky Lab N/A

Plasmid pCMV6_BCL-w_V5 Walensky Lab N/A

Plasmid pCMV6_BCL-w_FLAG Walensky Lab N/A

Software and Algorithms

GraphPad Prism Graphpad Software Inc. https://www.graphpad.com; 

RRID: SCR_002798

The PyMol Molecular Graphics System, Version 2.1.1 Schrodinger, LLC http://www.pymol.org; 

RRID: SCR_000305

Matlab Math Works https://www.mathworks.com/

products/matlab.html

ProteinLynx Global Server (PLGS) 3.0.1 Waters Corporation http://www.waters.com/waters/en_US/ 

ProteinLynx-Global-SERVER-(PLGS)/ 

nav.htm?cid=513821&locale=en_US; 

RRID: SCR_016664

DynamX 3.0 Waters Corporation https://www.waters.com/nextgen/us/en/

library/library-details.html?documentid=

720005145&t=waters-DynamXHDX

DataAnalysisSoftware-720005145

GNOM Svergun 41 https://www.embl-hamburg.de/

biosaxs/gnom.html

DAMMIF Franke and Svergun 44 https://www.embl-hamburg.de/

biosaxs/dammif.html

DAMAVER Franke and Svergun 44 https://www.embl-hamburg.de/

biosaxs/damaver.html

DAMFILT Franke and Svergun 44 DAMAVER manual - Biological small angle 

scattering - EMBL Hamburg

ATSAS (3.0.3) software Manalastas-Cantos 40 https://www.embl-hamburg.de/

biosaxs/download.html

Skyline v20 Schilling et al. 71 https://skyline.ms/project/home/

software/Skyline/begin.view

ASTRA 8 software Technical Note TN1006, 

Wyatt Technology, 2024

https://www.wyatt.com/blogs/ 

discover-tricks-and-tips-with-our-

technical-notes.html
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Liver Mitochondria

Liver mitochondria were isolated, as described below, from AlbCre pos Bax f/f Bak -/- mice. 24

METHOD DETAILS

Recombinant Protein Expression and Purification

Full length (FL) BAX (aa 1-192), FL BCL-w (aa 1- 193), and FL BCL-X L (aa 1-233) were cloned into pTYB1 as previously described. 14,36 

BCL-w and BAX mutations, including BCL-wΔN and BAXΔN (generated by installing a thrombin cleavage site LVPRGSPGG after 

amino acid [aa] 39 of FL BCL-w and after aa 51 of FL BAX), BCL-w ΔC (aa 1-156), BCL-w ΔNΔC (aa 40-156) (generated by installing 

the same thrombin cleavage site as above after aa 39 of BCL-w ΔC) and BAX D2C (D2C, C62S, C126S) were generated through PCR 

based site-directed mutagenesis (Q5 Site Directed Mutagenesis Kit, New England BioLabs) and confirmed by DNA sequencing. 

BCL-w G94E and BCL-w E4A (E109A/E114A/E116A/E124A) were generated from the FL WT pTYB1 vector via site-directed muta-

genesis (Azenta Life Sciences) and confirmed by DNA sequencing. BAX, BCL-w, and BCL-X L constructs were expressed in Escher-

ichia coli BL21(DE3). BAX protein expression was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 4 hours at 

30 ◦ C, whereas BCL-w proteins were induced with 1 mM IPTG overnight at 16 ◦ C and BCL-X L proteins were induced with 0.5 mM 

IPTG overnight at 16 ◦ C. Bacterial pellets were resuspended in lysis buffer (20 mM Tris pH 7.2, 250 mM NaCl) containing complete 

protease inhibitor tablets (Roche) and microfluidized (M-110L, Microfluidics), followed by centrifugation at 20,000 rpm for 45 min. 

BAX, BCL-w, and BCL-X L proteins were purified from clarified lysate by chitin affinity chromatography using chitin resin (NEB) equil-

ibrated in lysis buffer by gravity flow. Following 3 washes with lysis buffer, BAX, BCL-w, and BCL-X L constructs were cleaved from the 

chitin beads by overnight incubation with lysis buffer containing 10 mg/mL dithiothreitol (DTT) at 4 ◦ C. Protein-containing eluate was 

concentrated (10 kDa spin concentrator, Millipore) and purified by size exclusion chromatography (SEC) on a Superdex 75 increase 

10/300 GL (Cytiva) in FPLC buffer (20 mM HEPES, pH 7.2, 150 mM KCl). FL BCL-w and FL BAX bearing a thrombin cleavage site for 

BCL-wΔN and BAXΔN preparation was treated with thrombin (Sigma) overnight at 4 ◦ C and then repurified by SEC as above. The 

degree of thrombin cleavage was assessed by SDS-PAGE electrophoresis and Coomassie staining. Protein purity and identity for 

each construct was confirmed by western blot analysis using 2D2 mouse monoclonal antibody (Santa Cruz Biotechnology Cat# 

sc-20067; RRID: AB_626726) for BAX, 31H4 rabbit monoclonal antibody (Cell Signaling Technology Cat# 2724S; RRID:AB 

10691557) for BCL-w, and H-5 mouse monoclonal antibody (Santa Cruz Biotechnology Cat# sc-8392; RRID: AB_626739) for 

BCL-X L .

BAX α2-α5 (aa 53-128, C62S, C126S) and BCL-w α2-α5 (aa 42-112, C107S), each containing an N-terminal His 6 -GFP tag were 

cloned into the pET28a vector, as previously described. 37 BCL-w α1-α5 (aa 1-112), BCL-w α1-α6 (aa 1-132), and BCL-w α1-α8 

(aa 1-156) were generated using restriction enzyme cloning by Azenta Life Sciences through insertion of NdeI and XhoI cut sites flank-

ing the indicated truncation, followed by restriction enzyme cloning into the pET28a vector with an N-terminal His 6 -GFP tag. The BAX 

and BCL-w truncated constructs were expressed in E.coli BL21(DE3) with 0.5 mM IPTG induction overnight at 16 ◦ C. Bacterial pellets 

were resuspended in TBS (20 mM Tris pH 8.0, 150 mM NaCl) containing protease inhibitor tablets (Roche) and lysed by a microfluid-

izer (M-110L, Microfluidics). Lysates were then clarified by centrifugation at 20,000 rpm for 45 min at 4 ◦ C. Purification was achieved 

by Ni-NTA (Qiagen) gravity flow chromatography, with the resin pre-equilibrated in TBS. After a 20 mL TBS wash, proteins were 

eluted from the column by sequential washes with 12.5 mL TBS containing 5 mM, 40 mM, 70 mM, 100 mM, 200 mM, and 

300 mM imidazole. Protein purity was assessed by SDS-PAGE electrophoresis and Coomassie staining. Fractions containing 

BAX or BCL-w constructs were combined, concentrated, and purified by SEC on a Superdex 200 increase 10/300 GL column 

(Cytiva). The isolated proteins were reinjected for size analysis by SEC using a Superdex 200 column.

Preparation of BAX Oligomers and BCL-w Dimers

To induce BAX oligomerization, monomeric BAX protein (20 μM) was combined with 3 mM n-dodecylphosphocholine (Fos-12) and 

incubated overnight at 4 ◦ C. The protein-detergent sample was then concentrated using a 30 kDa spin concentrator (Millipore) and

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Other

Superdex 75 10/300 GL size exclusion column Cytiva Cat# 29148721

Superose 6 Increase 10/300 GL size exclusion column Cytiva Cat# 29091596

Superdex 200 Increase 10/300 GL size exclusion column Cytiva Cat# 28990944

Superdex 200 increase 5/150 GL size exclusion column Cytiva Cat# 28990945

PD-10 desalting column with Sephadex G-25 resin Cytiva Cat# 17085101
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purified by SEC on a Superose 6 increase 10/300 GL column (Cytiva) in detergent-free FPLC buffer (20 mM HEPES, pH 7.2, 150 mM 

KCl). To induce BCL-w and BCL-X L dimerization, monomeric protein (20 μM) was incubated with 3 mM of the indicated detergents 

overnight at 4 ◦ C. GFP-BCL-w truncates were treated with 1 mM Fos-14 and incubated overnight at 4 ◦ C. The protein-detergent sam-

ple was then concentrated with a 30 kDa spin concentrator (Millipore) and purified by SEC in detergent-free FPLC buffer (20 mM 

HEPES, pH 7.2, 150 mM KCl) using a Superose 6 increase 10/300 GL column (Cytiva) or Superdex 200 increase 10/300 GL 

column (Cytiva). For the comparative assessment of BAX O and BCL-w D SEC elution profiles, n-dodecylphosphocholine (Fos-12) 

was applied given its prior use in characterizing pro-apoptotic BAX O . 
14 For the detergent screen, phoscholines (Fos-12, Fos-13, 

Fos-14) or n,n-dimethyl-n-dodecylamine-n-oxide (LDAO) at 3 μM were incubated with 5 mL of 20 μM FL BCL-w. Subsequent 

biochemical studies were performed using Fos-14, except for Small Angle X-ray Scattering (SAXS) studies, which was optimally 

compatible with LDAO.

Analysis of BAX and BCL-w Proteins by Size Exclusion Chromatography

The BAX D2C monomer, generated and purified as described above, was incubated with 20-fold excess of the cysteine-reactive dye 

fluorescein-5-malemide (ThermoFisher) for 2 hours at room temperature. Excess dye was then removed by a PD-10 desalting column 

using Sephadex G-25 resin according to the manufacturer’s protocol (Cytiva). The FITC-labeled BAX monomer was then subjected 

to detergent-induced oligomerization, as described above. FITC-BAX O (10 μM) and either BCL-w M or BCL-w D were incubated at the 

indicated ratio (calculated by monomer) at room temperature for 1 hour. Samples were then analyzed by SEC on a Superose 6 in-

crease 10/300 GL column, monitoring wavelengths 280, 488, and 647 nm. The BAX O -only control contained the same amount of 

BAX O as the BCL-w treated conditions and was similarly reinjected on the Superose 6 column for SEC analysis.

Multi-Angle Light Scattering

BCL-w D was subjected to an additional SEC purification by a Superdex 200 increase 10/300 GL column in detergent-free FPLC 

buffer (20 mM HEPES, pH 7.2, 150 mM KCl) and analyzed directly by an inline miniDAWN Multi-Angle Light Scatterer (MALS) with 

an Optilab Refractive Index (RI) System (Wyatt Technology). 38 Samples were run at 0.4 mL/min using an Arc Premier HPLC with a 

UV detector (Waters Inc., USA). MALS measurements were taken using a 658 nm laser with 3 multi-angle detectors at 4 ◦ C and paired 

with UV (A 280 ) and RI measurements. BCL-w D molar mass was determined by protein conjugate analysis using ASTRA 8 software 

(Wyatt Technology).

Assessment of BCL-w Dimerization in Cells

Cell lines expressing FLAG-tagged and V5-tagged BCL-w were generated by transient transfection using Lipofectamine LTX re-

agent, in accordance with the manufacturer’s protocol (ThermoFisher). Briefly, 500 ng of plasmid DNA was transfected into 5x10 5 

low-passage HEK 293T cells (ATCC) seeded in 6-well plates and cultured in DMEM (Gibco), supplemented with 10% (v/v) FBS, 

100 μg/mL streptomycin (Gibco) and 100 U/mL penicillin (Gibco). Following transfection at 70–80% confluency, cells were allowed 

to grow for 48 hours. Cell pellets from transfected cell populations were lysed in 1X RIPA buffer prepared from 10X RIPA Buffer (Sigma 

Aldrich) supplemented with a protease inhibitor tablet, followed by centrifugation and filtration to remove debris. Clarified lysates 

were quantified by the Bradford assay (Pierce) and 1 mg of the lysate was subjected to immunoprecipitation by incubation with im-

mobilized and pre-washed mouse monoclonal anti-FLAG M2 magnetic beads (Sigma-Aldrich) or rabbit monoclonal anti-V5 magnetic 

beads (Cell Signaling Technology) at 4 ◦ C overnight, followed by removal of the supernatant and washing the beads with lysis buffer 

(x3), PBS supplemented with 0.1% Tween-20 (x2) and PBS pH 7.2 (x2). Bead-bound proteins were eluted by boiling in 1x LDS loading 

buffer containing 100 mM DTT for 10 min and then subjected to gel electrophoresis. Proteins were transferred onto nitrocellulose 

membranes using the iBlot 7-Minute Blotting System, blocked in 5% milk in PBS-Tween (PBST), and incubated at 1:1000 with 

the corresponding primary antibody (FLAG: Sigma-Aldrich Cat# A8592, RRID:AB_439702; V5: Thermo Fisher Scientific Cat# 

R961-25, RRID:AB_2556565) in 3% BSA in PBST. Western blots were developed using the ECL Prime Western Blotting Detection 

Reagent (Amersham).

Small Angle X-ray Scattering Analysis of Dimeric BCL-w

SEC-SAXS was performed at the 16ID-LiX Beamline (National Synchrotron Light Source II, Brookhaven National Laboratory). BCL-

w D (6 mg/mL, 100 μL) was injected into the Superdex 200 Increase 5/150 GL column (Cytiva) connected to a Shimadzu bio-inert 

HPLC system. The sample flowed through the column at a rate of 0.35 mL/min and was directed to the flow cell for simultaneous

SAXS and WAXS measurements. The X-ray wavelength was 0.8203 A ˚ and two setups (small- and wide-angle X-ray scattering)

were used simultaneously to cover scattering q ranges of 0.005 < q < 3.19 A ˚ − 1, where q = (4π/λ)sinθ, with 2θ representing the scat-

tering angle and λ indicating the X-ray wavelength. A total of 750 frames were collected with an exposure time of 2 sec. The running 

buffer consisted of 250 mM KCl, pH 7.2, 5% glycerol, 1 mM DTT, and 0.5 mM LDAO. The data were processed using NSLSII Jupyter 

notebook. Subsequent buffer subtraction, peak selection, and profile analysis were performed using Lixtools 39 and ATSAS (3.0.3) 

software. 40 The radius of gyration (Rg) was determined by generating a Guinier plot in the range of qRg < 1.3. For comparison,

Rg was also calculated in real and reciprocal spaces using program GNOM in q range up to 0.30 A ˚ − 1. 41 The pair-distance distribution

function P(r) and maximum dimension (Dmax) were also calculated using GNOM. Molecular weights were estimated using methods

based on corrected Porod volume 42 and correlation volume 43 within the q range of 0 < q < 0.3 A ˚ -1. Thirty-two ab-initio shape
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reconstructions (molecular envelopes) were generated independently using DAMMIF in slow mode, averaged with DAMAVER, and 

then filtered with DAMFILT to generate the final model. 44

Molecular Dynamics Simulation

We performed both simulations and optimizations using SAXS-based restraints, which were introduced using a restraining potential,

U(r i ; t n ) =
1 

2 
α(‖r i (t n )‖ − R) 2 θ(‖r i (t n )‖ − R);

where α is a real constant and r i (t n ) = x i (t n ) − X i;n is a vector pointing toward C α of the i-th residue x i (t n ) from the centroid of the 

nearest SAXS bead X i . Atomic coordinates are parameterized by the time t n = n⋅δt at step n of our simulation (the timestep δt =

1 during optimizations). A Heaviside step function θ(x) ensures that the potential is zero below a threshold radius R for the restraint. 

This results in a restoring force on the associated C α atom,

F i (t n ) = − α(‖r i (t n )‖ − R i )
r i (t n )

|r i (t n )| 
;

that is directed radially inward toward the centroid. The SAXS beads are specified by fitting the SAXS experimental data and their 

coordinates remain fixed during the simulation. The bead closest to the i-th alpha carbon is continuously updated, giving the 

coordinate X i;n its step dependence. This ultimately forces the protein to lie within a convex hull formed by balls of radius R about 

the bead centroids. The probability for violations for coordinate set {r i } follow a Gaussian profile given by the respective Boltzmann 

factors

P({r i })∝exp 

[ 

−
α

2k BT 

∑N

i = 1

⃒
⃒ 
⃒r i − R| 2 

] 

:

A multi-stage optimization approach was used to model BCL-w dimers and maintain consistency with the bead-based SAXS pro-

files. We began by extracting a crystallographic BCL-w dimer 15 (PDB ID 2Y6W) and aligning it to the principle axes and center-of-

mass of the bead profile. Next, we reverted non-native mutations in this structure to wild-type and reconstructed the missing N-

and C-terminal residues using a loop modeling procedure. Our SAXS constraint strategy was used for all modeling and optimization 

steps (a = 1). The N-termini of the BCL-w dimer were modeled entirely from first principles. We partially templated the C-terminus by 

introducing an ideal α9 helix and orienting it to minimize clash with the protein atoms and shell constraints (aa 157-173, 

EEARRLREGNWASVRTV). Loop regions were then constructed from a library of spatial restraints and refined using an optimization 

procedure (residues 1-7, 148-160, 174-193) while keeping other atoms fixed. A second stage of loop refinement was then performed 

by subjecting the full termini to a simulated annealing protocol. These calculations were facilitated by the MODELLER library [MOD1, 

MOD2]. Refinement of the full complex was achieved using 250 ps implicit-solvent MD simulations with the SAXS-defined restraint 

potential. Identical calculations were then performed using 5 ns explicit solvent simulations and this ensemble was used for analysis.

Optimizations were performed at several characteristic radii (R = 8 A ˚ , R = 10 A ˚ , and R = 12 A ˚ ) and consistency assessed using dif-

ference maps.

Molecular dynamics simulations were driven by the NAMD 2.14 code 45 and the CHARMM36 protein 45–48 force field. Implicit sol-

vent calculations utilized the Generalized Born Implicit Solvent model with a hydrophobic contribution proportional to the protein’s

solvent accessible surface area (surface tension = 5.0 x 10 -3 kcal mol -1 A ˚ -2 ). Each implicit solvent simulation began with 2000 steps of

CG minimization followed by an initial 50 ps run with a harmonic restraint (k prot = 5.0 kcal mol -1 A ˚ -2 ) that localized alpha carbons

near their initial positions. This was followed by 250 ps of production simulation without the initial restraint. Irrespective of the stage, a 

SAXS-based restraint was used with all implicit solvent simulations. Explicit solvent simulations utilized TIP3P water 49–51 (with a 25 A ˚ 

padding layer) and were supplemented with 0.15 M K + /Cl − to ensure electrical neutrality. 52,53 We employed rigid bond con-

straints 54,55 to achieve numerical stability at a timestep of δt = 2 fs. 56 Our NVT calculations applied a Langevin thermostat to heavy 

atoms for temperature control (T = 300.0 K; damping γ = 1.0 ps -1 ), 57 while NPT simulations controlled pressure with a Langevin 

piston (target P = 101.325 kPa; period = 100.0 fs; decay time = 50.0 fs). 58 Anisotropic cell fluctuations were allowed and multiple 

time-stepping was used for nonbonded interactions, 59 with short-range interactions evaluated every 2 fs and full electrostatics every

4 fs. Short-range interactions were cut off at 1.2 nm and smoothed with sigmoidal rescaling for atoms separated by more than 

1.0 nm. Smoothed particle mesh Ewald (PME) was used for long-range electrostatics. 60–62 Equilibration began with a 2000 step con-

jugate gradient (CG) minimization followed by 1.0 ns of NVT equilibration with all protein atoms fixed. Next, a harmonic constraint

potential (k prot = 5 kcal mol -1 A ˚ -2 ) was applied to hold alpha carbons near their initial positions while 2000 steps of CG minimization

and 2.0 ns of NPT equilibration were used to relax the protein. All constraints were then removed and production calculations were 

executed in NPT ensemble for indicated durations. Trajectory samples were captured every 5 ps. Analysis was facilitated, in part, by

VMD 63 and the MDAnalysis library [MDA1, MDA2]. 

To support our MD analyses, we defined distance maps D ij = 〈
⃦ 
⃦x i (s) − x j (s)‖〉 between atoms in a simulation trajectory or struc-

tural ensemble. In this equation, x i ; x j are the coordinates of the alpha carbons from residues i; j, angular brackets denote averaging

over all members of the ensemble 〈f〉 = N − 1 Σ N 
n = 1 f(s n ), and ‖ ⋅‖ is the Euclidean norm. We further quantified relative shifts in
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structure using the distance difference map (DDM) ΔAB
ij = DA

ij − D Bij , between distance maps D A ; D B that correspond to distinct en-

sembles A and B, respectively. Entries of Δ AB with a positive sign indicate that a pair of residues are further apart in structure Ai, while 

a negative sign indicates the converse. All maps were calculated using Python-based analysis tools, where the NumPy 64 library per-

forms the numerical analysis and Matplotlib 65 is used for data visualization.

Peptide Synthesis

Stapled peptides (SAH-BCL-w α1 , aa 9-25: DTRALVADFVGYXLRQX; SAH-BAX α1 , aa 15-35: SSEQIBKTGALLLQGXIQDXA; X = 

S-pentenyl alanine; B = norleucine) were synthesized, derivatized with either biotin or acetyl at the N-terminus, purified, and quan-

tified by amino acid analysis as reported in detail. 66 Briefly, peptides were synthesized by solid phase Fmoc chemistry using rink-

amide resin and elongated using hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU) as the coupling reagent and 

N,N-diisopropylethylamine (DIEA) as the base. To form the staple, two naturally-occurring amino acids at discrete i, i+4 positions 

were replaced with non-natural S-pentenyl alanine pairs followed by olefin metathesis using the Grubb’s first-generation catalyst. 

Peptides were deprotected and cleaved from the resin by a solution of 95:2.5:2.5 (v/v) TFA/TIS/H 2 O and purified to >95% homoge-

neity by C18 reverse phase HPLC (Agilent 1260 Infinity II) using an MeCN/H 2 O gradient containing 0.1% TFA. Peptides were lyoph-

ilized and stored at − 20 ◦ C until use.

Fluorescence Polarization Binding Assays

FP assays were performed as described previously. 67 Briefly, BAX M , BAX O , BCL-w M , and BCL-w D were serially diluted 2-fold from 

starting concentrations of 1.25 μM (BCL-w) or 10 μM (BAX) into assay buffer (0.01% Triton X-100 in 20 mM HEPES, pH 7.2, 150 mM 

KCl) in 96-well plates. FITC-peptide (3 nM) was then added and the mixture incubated in the dark for 30 min at 25 ◦ C. Fluorescence 

(485 nm excitation, 525 nm emission) was detected on a SpectraMax M5 microplate reader (Molecular Devices) and data subjected 

to nonlinear regression analysis using Prism software (GraphPad) to calculate EC 50 s.

Hydrogen Deuterium Exchange Mass Spectrometry

BAX O , BCL-w D , and BCL-w M (30 μM) were incubated individually or as BAX O :BCL-w D (1:4) or BCL-w D :BAX O (1:4) mixtures for 15 min 

at 23 ◦ C in buffer (20 mM HEPES-KOH, 150 mM KCl, 5 mM MgCl 2 , pH 7.2) prior to deuterium labeling. For stapled α1 peptide studies, 

BAX O or BCL-w D were incubated (30 μM) with vehicle, or SAH-BCL-w α1 or SAH-BAX α1 (protein:peptide, 1:5), respectively, for 1 h at 

23 ◦ C in buffer (as above) prior to deuterium labeling. Deuterium labeling of the mixture (2 μL sample) was then initiated with an 18-fold 

dilution into D 2 O labeling buffer (36 μL, 20 mM HEPES-KOH, 150 mM KCl, 5 mM MgCl 2 , pD 7.6, 99.9% D 2 O). The labeling reaction 

was quenched over time (10 sec, 30 sec, 1 min, 10 min) by the addition of 38 μL of ice-cold quenching buffer (200 mM sodium phos-

phate, 4 M guanidinium chloride, 0.72 M TCEP pH 2.3, H 2 O) and analyzed immediately. Deuterated and control samples were di-

gested online at 15 ◦ C using an AffiPro Nep-2 column (AffiPro, AP-PC-004). The cooling chamber of the HDX system, which housed 

all of the chromatographic elements, was held at 0.0 ± 0.1 ◦ C for the duration of measurements. Peptides were trapped and desalted 

on a VanGuard Pre-Column trap (2.1 mm × 5 mm, ACQUITY UPLC BEH C18, 1.7 μM [Waters, 186002346]) for 3 min at 100 μL/min. 

Peptides were eluted from the trap using a 5%-35% gradient of acetonitrile with 0.1% formic acid over 6 min at a flow rate of 100 μL/ 

min, and separated using an ACQUITY UPLC HSS T3, 1.8 μm, 1.0 mm × 50 mm column (Waters, 186003535). The back pressure 

averaged ∼12,950 psi at 0 ◦ C in 5% acetonitrile, 95% water, 0.1% formic acid buffer. To eliminate peptide carryover, a wash solution 

(1.5 M guanidinium chloride, 0.8% formic acid, and 4% acetonitrile) was injected over the protease column during each analytical run. 

Mass spectra were acquired using a Waters Synapt G2-Si HDMS E mass spectrometer in ion mobility mode. The mass spectrometer 

was calibrated with direct infusion of a glu-fibrinopeptide (Sigma, F3261) solution at 200 femtomole/μL at a flow rate of 5 μL/min prior 

to data collection. A conventional electrospray source was used and the instrument was scanned over the range 50 to 2000 m/z. The 

instrument was configured in accordance with the following parameters: capillary 3.2 kV, trap collision energy 4 V, sampling cone 40 

V, source temperature 80 ◦ C and desolvation temperature 175 ◦ C. The error of determining the average deuterium incorporation for 

each peptide was at or below ± 0.25 Da based on deuterated peptide standards. Peptides were identified from replicate HDMS E 

analyses of undeuterated control samples using PLGS 3.0.1 (Waters Corporation). Peptide masses were identified from searches 

using non-specific cleavage of a custom database containing the sequence of BAX (UniProt: Q07812) or BCL-w (UniProt: 

Q92843), no missed cleavages, no post-translational modifications, low energy threshold of 135, elevated energy threshold of 35, 

and an intensity threshold of 500. No false discovery rate (FDR) control was performed. The peptides identified in PLGS (excluding 

all neutral loss and in-source fragmentation identifications) were then filtered in DynamX 3.0 (Waters Corporation), implementing a 

minimum products per amino acid cut-off of 0.3 and at least 3 consecutive product ions. Peptides that met the filtering criteria 

were further processed by DynamX 3.0 (Waters Corporation). The relative amount of deuterium in each peptide was determined 

by the software, which subtracted the centroid mass of the undeuterated form of each peptide from the deuterated form at each 

time point and for each condition. Deuterium levels were not corrected for back exchange and thus reported as relative. 68

Preparation of Liposomes

Large unilamellar vesicles (LUVs) were generated as previously described. 24,69 Briefly, lipid films were generated by mixing phospha-

tidylcholine, phosphatidylethanolamine, phosphatidylinositol, dioleoyl phosphatidylserine, and tetraoleolyl cardiolipin (Avanti Polar
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Lipids) in chloroform at a molar ratio of 48:28:10:10:4, respectively, and 1 mg aliquots dried under nitrogen gas and then by high vac-

uum overnight. The lipid films were stored at -80 ◦ C under a nitrogen atmosphere until use. To produce LUVs, the lipid film was re-

suspended in Liposomal Release Assay Buffer (10 mM HEPES pH 7, 200 mM KCl, 1 mM MgCl 2 ) containing 12.5 mM ANTS and 

45 mM DPX. Liposomes were formed by 10 freeze/thaw cycles and extrusion (11 times) through a 100 nM polycarbonate membrane, 

and then further purified by Sepharose CL-2B size exclusion chromatography (GE Healthcare).

Chemical Crosslinking and Mass Spectrometry Analysis

Chemical crosslinking reactions were carried out as previously described. 14,22 Briefly, the BS2G crosslinker (ThermoFisher Scientific) 

was added at a final concentration of 1.5 mM in 0.1 M HEPES, pH 7.8, 150 mM NaCl. Zero-length EDC crosslinking reactions were 

performed at a final concentration of 50 mM EDC, while the Extended-EDC reactions contained 75 mM EDC and 25 mM 2,2 ′ -(ethyl-

enedioxy)bis(ethylamine) EDDA (Sigma). All EDC-based reactions also contained 20 mM sulfo-NHS in 0.1M MOPS buffer, pH 7.0, 

100 mM NaCl. Reactions with single species (BAX O , BCL-w M , or BCL-w D ) were performed in a final volume of 70 μL (10 μg protein,

7 μM), whereas the reactions with the protein mixture (equimolar BAX O and BCL-w D based on monomeric content) were conducted in 

140 μL (10 μg/3.5 μM of each protein) after a 15-min preincubation. The reactions were allowed to proceed for 60 min at room tem-

perature with gentle agitation and then quenched with hydroxylamine to a final concentration of 100 mM for 20 min. Crosslinked sam-

ples were subjected to SDS-PAGE electrophoresis and visualized by Pierce Silver Stain kit in accordance with the manufacturer’s 

instructions (ThermoFisher) and by western blot analysis using BAX (Santa Cruz Biotechnology Cat# sc-20067; RRID: 

AB_626726) and BCL-w (Cell Signaling Technology Cat# 2724S; RRID: AB _10691557) antibodies. All samples were lyophilized, re-

suspended in 8M urea, 50 mM EPPS, pH 8.5, reduced with addition of 10 mM TCEP for 30 min, alkylated with 30 mM iodoacetamide 

in the dark for 30 min, and then quenched with 50 mM β-mercaptoethanol. The samples were diluted with 50 mM EPPS to reduce urea 

concentration down to 1 M and then digested with trypsin (Promega) at 1:25 enzyme:substrate ratio overnight at 37 ◦ C. The digested 

peptides were acidified with 10% formic acid to pH ∼2, desalted using stage tips with Empore C18 SPE Extraction Disks (3M), and 

then dried under vacuum.

Each sample was reconstituted in 5% formic acid (FA)/5% acetonitrile and analyzed in the Orbitrap Xploris 480 Mass Spectrometer 

(ThermoFisher Scientific) coupled to an EASY-nLC 1200 (ThermoFisher Scientific) ultra-high pressure liquid chromatography 

(UHPLC) pump. Peptides were separated on an in-house packed 100 μm inner diameter column containing 30 cm of Accucore

C18 resin (2.6 μm, 150 A ˚ , ThermoFisher), using a gradient of 5%–35% (ACN, 0.125% FA) over 75 min at ∼500 nL/min. The instrument

was operated in data-dependent mode. FTMS1 spectra were collected at a resolution of 120K, with maximum injection time of 50 ms. 

The most intense ions were selected for MS/MS for 1.5 s in top-speed mode. Precursors were filtered according to charge state (al-

lowed 3 ≤ z ≤ 7) and monoisotopic peak assignment was turned on. Previously interrogated precursors were excluded using a dy-

namic exclusion window (60 s ± 10 ppm). MS2 precursors were isolated with a quadrupole mass filter set to a width of 0.7 m/z. Pre-

cursors were analyzed by FTMS2, with the Orbitrap operating at 30K resolution and maximum injection time of 150 ms. Precursors 

were then fragmented by high-energy collision dissociation (HCD) at a 28% normalized collision energy.

Mass spectra were processed using a sequence database containing contaminating E. coli proteins, common contaminants, and 

BAX and BCL-w proteins. Concatenated reversed sequences were searched for Target/Decoy-based FDR estimation. 70 Precursor 

tolerance was set to 15 ppm and fragment ion tolerance to 10 ppm. Methionine oxidation and N-terminal protein acetylation were set 

as variable modifications in addition to mono-linked masses of +130.110613 for the Extended-EDC diamine crosslinker 

and +114.03169 for BS2G. Crosslinked peptides were searched assuming zero-length (− 18.010565), Extended-EDC 

(+112.100048) or BS2G (+96.02113) modification masses, respectively. Crosslinked searches included 50 protein sequences to 

ensure sufficient statistics for FDR estimation and required at least 4 amino acids in the shortest peptide. Matches were filtered 

to 1% FDR on the unique peptide level using linear discriminant features as previously described. 22 Label-free quantitation of cross-

linked peptides was performed In Skyline v20, 71 filtering out peaks with IdotP < 0.75.

Membrane Curvature Analyses by Small Angle X-ray Scattering

Lyophilized phospholipids 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC), and cardiolipin (CL) (Avanti Polar Lipids) were dissolved in chloroform at 20 mg/mL to produce individual stock solutions. 

Three-component and pure single-component lipid compositions were prepared from these stock solutions as mixtures of PE/ 

PC/CL at a molar ratio of 75/20/5 and 100% PE. The resulting mixture was then evaporated under nitrogen and left to desiccate over-

night under a vacuum to form dry lipid films. Lipid films were resuspended in physiologic aqueous buffer (150 mM NaCl, 20 mM 

HEPES, pH 7.4) to a concentration of 20 mg/mL. The lipid suspensions were incubated at 37 ◦ C and then sonicated until they ap-

peared clear. The resulting solution was extruded through a 0.2 μm pore Anotop syringe filter (Whatman) to produce small unilamellar 

vesicles (SUVs). BAX O and BCL-w species were mixed with SUVs at the indicated concentrations. Precipitated protein–lipid com-

plexes were transferred into 1.5 mm quartz capillaries (Hilgenberg GmbH, Mark-tubes) and hermetically sealed with an oxygen torch. 

SAXS measurements were taken at the Stanford Synchrotron Radiation Lightsource (SSRL) (beamline 4-2) using monochromatic 

X-rays with energies of 9 keV and 1.7m flightpath. Samples were centrifuged before measurement. The 2D powder diffraction pat-

terns were azimuthally integrated into 1D patterns using the Nika1 1.76 package for Igor Pro 9 (Wavemetrics). To analyze the SAXS 

data, the integrated scattering intensity I(q) was plotted against q using MATLAB. The different phases present in each sample were 

determined by comparing the ratios of the measured peak positions (q measured ) with those of the permitted reflections for various
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liquid-crystalline lipid phases. Multiple measurements were taken for each sample to ensure consistency. The cubic phases that were 

observed in our experiments belonged to two different space groups, Pn3m and Im3m. The Pn3m space group permits reflections at 

ratios of √2:√3:√4:√6:√8:√9, while the Im3m space group permits reflections at ratios of √2:√4:√6:√8:√10:√12:√14:√16.

For each cubic phase, the measured peak positions were related to the Miller indices (h; k; l) of their observed reflections with the

equation q = 2π 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ 
h 2 +k 2 +l 2 

√ 
=a, where a is the lattice parameter of the cubic phase. The slope of the linear regression for measured

q-values versus
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ 
h 2 +k 2 +l 2

√ 
was then used to calculate the lattice parameter. Hexagonal phases exhibit ratios of

√1:√3:√4:√7:√9:√12:√13 and the slope of regression is q = 4π 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ 
h 2 +hk 2 +k 2

√ 
=a hexagonal

̅̅̅
3 

√ 
, where a hexagonal is the lattice constant

of the hexagonal phase.

Mitochondrial Cytochrome c Release Assays

Mitochondria from the livers of AlbCre pos Bax f/f Bak -/- mice were isolated as previously described. 24 Recombinant BAX O (100 nM), or 

BAX M (100 nM) with or without tBID (20 nM) and ABT-737 (100-500 nM), was incubated with or without wild-type or mutant BCL-w M 

(100 nM), BCL-w D (25-100 nM), BCL-X LM (100 nM), or BCL-X LD (25-100 nM) protein for 30 min, and then the protein samples added 

to mitochondria (1 mg/mL) in experimental buffer (200 mM mannitol, 68 mM sucrose, 10 mM HEPES-KOH [pH 7.4], 110 mM KCl,

1 mM EDTA, protease inhibitor) for 45 min at room temperature. The pellet and supernatant fractions were isolated by centrifugation 

and cytochrome c was quantitated using a colorimetric ELISA assay (R&D Systems), per the manufacturer’s protocol. Percent cyto-

chrome c released into the supernatant (% cytochrome c release) was calculated according to the following equation: % cytochrome 

c release = [cytochrome c sup ]/[cytochrome c max ]*100, where cytochrome c sup and cytochrome c max represent the amount of cytochrome 

c detected in the supernatant upon treatment of mitochondria with the indicated conditions or 1% (v/v) Triton X-100, respectively.

Mitochondrial Translocation and Retrotranslocation Assays

Mitochondria from the livers of AlbCre pos Bax f/f Bak -/- mice were isolated as described. 24 Mitochondria (20 mg/mL) were preincubated 

with either BAX O or BCL-w D at the indicated concentration (calculated by monomer) for 15 min at room temperature. Samples were 

then centrifuged at 5500 x g for 15 min at 4 ◦ C to isolate the mitochondrial pellet, which was gently resuspended in experimental buffer 

(200 mM mannitol, 68 mM sucrose, 10 mM HEPES-KOH [pH 7.4], 110 mM KCl, 1 mM EDTA, protease inhibitor). Either BAX O , wild-

type or E4A-mutant BCL-w M , wild-type or E4A-mutant BCL-w D , BCL-X LM , or BCL-X LD was added at the indicated ratios to the re-

suspended mitochondria for 30 min at room temperature. The supernatant and pellet were separated by centrifugation at 8000 x g for 

15 min at 4 ◦ C. The pellets were resuspended with experimental buffer containing 1% Triton X-100. The supernatant and mitochon-

drial pellet samples were analyzed by gel electrophoresis and western blot analysis using BAX (Santa Cruz Biotechnology Cat# sc-

20067; RRID: AB_626726), BCL-w (Cell Signaling Technology Cat# 2724S; RRID: AB _10691557), BCL-X L (Santa Cruz Biotechnology 

Cat# sc-8392; RRID: AB_626739), and VDAC1 (Santa Cruz Biotechnology Cat# sc-390996; RRID: AB_2750920) antibodies.

Cellular Analysis of Reconstituted MEFs

Human BCL-w constructs (wild-type, G94E, E4A, G94E/E4A) were cloned (Azenta Life Sciences) into the pMIG II (pMSCV-IRES-GFP 

II) vector (Addgene #52107) and confirmed by DNA sequencing. Transfection of the packaging cell line GPG-293 yielded ampho-

tropic retroviral particles, which were collected by filtration and ultracentrifugation, and then used to reconstitute Bcl-w − /− MEFs 

with wild-type BCL-w and the indicated mutants, as described. 55 The reconstituted MEFs were sorted for GFP-positivity over 

two to three rounds of flow cytometry to ensure comparable levels of expression. Transduction was verified by BCL-w western anal-

ysis using the 31H4 antibody (Cell Signaling Technology Cat# 2724S; RRID: AB _10691557, 1:1000). Cells were maintained in Dul-

becco’s Modified Eagle Medium (GIBCO) with 10% FBS, 100 U/mL penicillin and streptomycin, and 2 mM glutamine. Cells were veri-

fied as mycoplasma-negative using the MycoAlert mycoplasma detection kit (Lonza Biologics). For fractionation studies, cells 

(1.2x10 7 ) were incubated in ice-cold lysis buffer (LB) (10 mM Tris [pH 7.5], 1 mM EGTA, 200 mM sucrose, protease inhibitor) for 

10 min, followed by Dounce homogenization. Lysates were centrifuged at 700 x g for 10 min at 4 ◦ C to remove any unlysed cells 

and then supernatants centrifuged at 12,000 x g for 10 min at 4 ◦ C, yielding a cytosolic supernatant fraction and heavy membrane 

pellet containing mitochondria. The pellet was resuspended in LB containing 2% CHAPS. Protein concentration was measured by 

BCA assay (ThermoFisher). The supernatant and pellet samples were analyzed by gel electrophoresis and western blotting, using 

BAX (B-9; Santa Cruz Biotechnology sc-7480; RRID:AB_626729), BCL-w (31H4; Cell Signaling Technology Cat# 2724S; RRID: 

AB_10691557), and VDAC1 (Santa Cruz Biotechnology sc-390996; RRID:AB_2750920) antibodies. For caspase-3/7 activation 

studies, cells (5 x 10 3 /well) were seeded in 384-well format in 10% FBS/DMEM (phenol red free) in a black/clear bottom plate. 

The indicated concentrations of ABT-263 and S63845 (MedChemExpress) were added and cultures incubated for 6 hrs. Cell Event 

Caspase-3/7 Red (10 μL of 30 μM; Thermo) and Hoechst 33342 (5 μg/mL) were added to the 30 μL treatment volume 30 minutes prior 

to the endpoint. The plate was then read on an IXM C-LZR (Molecular Devices) with images captured using DAPI, GFP, and Texas 

Red filters. To ensure capture of cells with equal GFP expression, the brightest 10% GFP-positive cells were excluded from the anal-

ysis using Custom Module Editor and the fraction caspase-3/7 (+) cells were counted and plotted using Prism software (GraphPad). 

For viability studies, cells (5 x 10 3 /well) were seeded in 384-well format in 10% FBS/DMEM. A 4-fold serial dilution of ABT263 

(MedChemExpress) and a set concentration of S63845 (MedChemExpress), as indicated, were added. Cell viability was assayed
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at the indicated time points by addition of CellTiter-Glo chemiluminescence reagent according to the manufacturer’s protocol (Prom-

ega) and luminescence measured using an Envision microplate reader (PerkinElmer). Luminescence data were analyzed and plotted 

using Prism software (GraphPad).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as mean ± SD unless otherwise specified. The exact numbers of biological and technical replicates for each 

experiment are reported in the figure legends. Data were analyzed and plotted using Prism Software 10.0 (GraphPad).
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Supplemental figures

Figure S1. SEC analyses of BCL-w, assessment of BCL-w dimerization in cells, and structures of anti-apoptotic truncates, related to Figure 1

(A) SEC profiles of full-length BCL-w upon treatment with a panel of detergents using a Superose S6 column.

(B) SEC profile of BCL-w M and Fos-14-generated BCL-w D using a Superdex 200 column and BCL-w western analysis of the monomeric and dimeric fractions.

(C) SEC-MALS analysis of the BCL-w dimeric peak, confirming a molecular weight of 42 kD.

(D) Lysates from BCL-w-dependent murine leukemia cells (p185+Arf − /− Mcl-1 del Bcl-w recon B-ALL) were subjected to SEC analysis and BCL-w western blot of the 

indicated fractions. The detected BCL-w co-elutes in the same fractions as recombinant BCL-w D .

(legend continued on next page)
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(E) 293T cells were transfected with full-length FLAG- and V5-tagged BCL-w, and then cytosolic and mitochondrial fractions were isolated and subjected to 

FLAG, V5, and VDAC1 western analyses. Experiments were performed twice with independent preparations of cells and treatments, with similar results.

(F) 293T cells were transfected with full-length FLAG- or V5-tagged BCL-w, or both constructs, and lysates subjected to immunoprecipitation and western 

analysis. Experiments were performed twice with independent preparations of cells and treatments, with similar results.

(G and H) Structures of domain-swapped dimers of C-terminally truncated anti-apoptotic proteins BCL-X L (PDB: 2B48) (G) and BCL-w (PDB: 2Y6W) (H).

ll
Article



Figure S2. MD simulations and analyses of BCL-w D structure, related to Figure 1

(A–C) Optimized model structures of BCL-w D as calculated using a SAXS-based restraint potential at radii R of 8 (A), 10 (B), and 12 A ˚ (C) (α = 1.0 kcal mol − 1 A ˚ − 2 ).

The transparent shell is a smoothed isopotential surface at the threshold of the restraint.

(legend continued on next page)
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(D–F) Difference maps ΔM ij = M opt 
ij − M xrd

ij between alpha carbon (C α ) distance matrices for the shell-optimized dimers M opt 
ij with radii of 8 (D), 10 (E), and 12 A ˚ (F), 

and a crystallographic counterpart Mxrd
ij (PDB: 2Y6W). The color scale highlights the differences between the MD-derived dimers and crystal structure and the 

consistency of these differences across the various shell-optimized dimers.

(G) Root-mean-square C α fluctuations derived from SAXS-restrained MD trajectories in explicit solvent (5 ps sampling).

(H) Extended and compact conformers from MD trajectories without SAXS restraints. Notably, both conformers fit within the SAXS-derived envelopes.

(I) Solvent accessible surface for the extended and compact conformers of BCL-w D , depicted with a 1.4 A ˚ probe radius.

(J) Coloring the surface of the BCL-w D conformers based on electrostatic potential highlights the distinctive charge distribution, which forms an electrostatic 

funnel in the compact species (particle mesh Ewald method; red = negative potential, blue = positive potential). The conformers shown are rotated 180 ◦ about the 

vertical axis relative to Figure S2I.
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Figure S3. Chemical crosslinking analyses of BAX O and BCL-w M or BCL-w D in the presence of liposomes and the effect of G94E mutagenesis 

and ABT-737 treatment on BCL-w dimerization, related to Figure 3

(A and B) Chemical crosslinking (EDC) of BAX O alone or in the presence of BCL-w M or BCL-w D demonstrates no effect of BCL-w M on the BAX O laddering pattern 

but elimination of higher-order crosslinked bands upon treatment with BCL-w D , as conducted in solution (A) or with liposomes that mimic the MOM lipid 

composition 14 (B).

(C) Fos-14 treatment of BCL-w M G94E yields a dimer, as monitored by SEC using an S200 column.

(D) ABT-737 treatment does not disrupt dimerization of BCL-w, as monitored by SEC using an S200 column.
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Figure S4. HDX-MS analysis of BAX O and chemical crosslinking MS analysis of BAX O upon exposure to BCL-w D , related to Figure 4

(A and B) Deuterium difference plot showing the relative deuterium incorporation of BAX O minus BAX M as measured over time in solution (A), with areas of 

conformational deprotection and protection at 10 min (significance threshold, ±0.5 Da) mapped onto the structure of oligomeric BAX (PDB: 9IXU) (B). Prominent 

α1 deprotection is unmapped because that region is unresolved in the cryo-EM structure of oligomeric BAX. Data are representative of at least two independent 

biological replicates.

(C–E) A series of enriched crosslinks were identified in BAX O upon incubation with BCL-w D , including those between BAX α1 and residues within the α1-α4 region 

(only α2-α4 residues are shown in red since α1 and the α1-α2 loop region are unresolved in the cryo-EM structure of oligomeric BAX) (C), between α2 and the α2-α4 

region (green lines) (D), and between α2 or α3-α4 loop and α4 or the α4-α5 loop (blue lines) (E).

(F and G) Intermolecular crosslinks between BAX O and BCL-w D predominantly involve α1 residues of BAX O and α1, α2-α4, and α9 residues of BCL-w D , as mapped 

in red for both protomers onto a surface view of the MD-derived dimeric structure (F). Intramolecular crosslinks formed between BCL-w α1 and its target residues 

on BCL-w D (G) are strikingly similar to those engaged by BAX O α1, as demonstrated by comparison of the surface maps (F and G).

(H) Residues involved in intramolecular crosslinks with BAX O α1 are colored red on the surface view of oligomeric BAX (PDB: 9IXU), as mapped onto one of the two 

asymmetric dimers for clarity. α1 is not present in the cryo-EM structure of oligomeric BAX, so crosslinked residues in this region are not mapped.

See also Tables S2 and S3 and Data S1 and S2.
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Figure S5. Reciprocal engagement of α1 helices with BAX O and BCL-w D , the conformational consequences as monitored by HDX-MS, and 

the impact of α1 deletions on BCL-w D inhibition of BAX O , related to Figure 4

(A) Helical wheel depiction of SAH-BAX α1 (X = S-pentenyl alanine, B = norleucine) and its comparative binding to BCL-w M and BCL-w D , as measured by FP assay. 

Data are mean ± SEM for experiments performed in technical quadruplicate and repeated with independent preparations of proteins and peptides, with similar 

results.

(B and C) Deuterium difference plot showing the relative deuterium incorporation of BCL-w D in the presence of FITC-SAH-BAX α1 minus BCL-w D with vehicle as 

measured over time in solution at 10 s, 1 min, and 10 min (significance threshold, ±0.5 Da) (B) and areas of deprotection and protection at 1 min mapped onto the 

MD-derived structure of BCL-w D (C). Data are representative of at least two independent biological replicates.

(D) The sites of endogenous BCL-w α1 crosslinks on BCL-w D (red) co-localize with those areas of dynamic conformational change upon BCL-w D incubation with 

SAH-BAX α1 , as mapped onto one protomer for clarity.

(E) Helical wheel depiction of SAH-BCL-w α1 (X = S-pentenyl alanine) and its comparative binding to BAX M and BAX O , as measured by FP assay. Data are mean ± 

SEM for experiments performed in technical quadruplicate and repeated with independent preparations of proteins and peptides, with similar results.

(legend continued on next page)

ll
Article



(F and G) Deuterium difference plot showing the relative deuterium incorporation of BAX O in the presence of SAH-BCL-w α1 minus BAX O with vehicle as measured 

over time in solution at 10 s, 1 min, and 10 min (significance threshold, ±0.5 Da) (F) and areas of deprotection and protection at 1 min mapped onto the cryo-EM 

structure of oligomeric BAX (PDB: 9IXU) (G).

(H) One major area of conformational protection observed by HDX-MS upon BAX O incubation with SAH-BCL-w α1 co-localizes with the sites of endogenous BAX 

α1 crosslinks on BAX O (red), as mapped onto one asymmetric dimer unit of the tetramer for clarity. Conformational protection of the α1 region is not mapped, as 

that region is not present in the cryo-EM structure of oligomeric BAX (PDB: 9IXU).

(I) Effect of N-terminal deletion of BCL-w D or BAX O or both on the capacity of BCL-w D to inhibit BAX O -mediated cytochrome c release, as measured by ELISA 

assay using mitochondria isolated from AlbCre pos Bax f/f Bak − /− murine liver. Data are normalized to BCL-w D constructs alone and plotted as mean ± SD for 

experiments performed in technical quadruplicate and repeated twice with independent preparations of proteins and mitochondria. BCL-w D , 100 nM; BCL-

w D ΔN, 100 nM; BAX O , 100 nM; BAX O ΔN, 100 nM (concentrations calculated based on protein monomer).

See also Data S1.
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Figure S6. Dimerization of BCL-X L , BCL-X LD inhibition of BAX O -mediated cytochrome c release and BAX retrotranslocation, and the effect of 

BCL-w M on BAX O NGC, related to Figure 6

(A) SAXS spectra of PE/PC/CL 75/20/5 SUVs incubated with BAX O alone (blue trace) or in combination with increasing amounts of BCL-w D (X = BCL-w D :BAX O 

molar ratio based on monomeric protein), demonstrating little to no blockade of BAX O -induced NGC. Protein concentrations: BAX O , 0.476 g/L; BCL-w M , X = 0.25, 

0.119 g/L; X = 0.5, 0.238 g/L.

(B) Fos-14 treatment of monomeric BCL-X L yields a dimer, as monitored by SEC using an S200 column.

(C) BCL-X LD , but not BCL-X LM , inhibits BAX O -mediated cytochrome c release from liver mitochondria isolated from AlbCre pos Bax f/f Bak − /− mice, as measured by 

ELISA assay. Data are normalized to BCL-X L constructs alone and plotted as mean ± SD for experiments performed in technical quadruplicate and repeated 

twice with independent preparations of proteins and mitochondria. BAX O , 100 nM; BCL-X LM , 100 nM; BCL-X LD , 25–100 nM (concentrations calculated based on 

protein monomer).

(D) Treatment of BAX O -containing mitochondria with increasing doses of BCL-X LD , but not BCL-X LM (0.5–4 μM), leads to retrotranslocation of BAX from mito-

chondria to the supernatant. The experiment was performed twice using independent preparations of proteins and mitochondria, with similar results.
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Figure S7. Design and characterization of BCL-w D E4A to dissect the non-canonical anti-apoptotic functionality of dimeric BCL-w, related to 

Figure 6

(A and B) Comparison of BAX (PDB: 1F16) and BCL-w (PDB: 1O0L) structures, highlighting the relative abundance of positively charged residues on the BAX α5-

α6 hairpin compared with the predominance of negatively charged residues on the BCL-w α5-α6 hairpin, informing the design of BCL-w D E4A (E109A/E114A/ 

E116A/E124A).

(C) BCL-w M E4A retains canonical groove BH3-binding activity, as demonstrated by its inhibition of tBID-triggered, BAX M -mediated cytochrome c from liver 

mitochondria purified from AlbCre pos Bax f/f Bak − /− mice. Data are mean ± SD for experiments performed in technical quadruplicate and repeated twice with 

independent preparations of proteins and mitochondria. BAX M , 100 nM; BCL-w M , 100 nM; BCL-w M E4A, 100 nM; tBID, 20 nM.

(D) Fos-14 treatment of BCL-w M E4A yields a dimer, as monitored by SEC using an S200 column.

(E) Compared with BCL-w D , BCL-w D E4A exhibits relatively impaired inhibition of BAX O -mediated cytochrome c release. Data are normalized to BCL-w D 
constructs alone and plotted as mean ± SD for experiments performed in technical quadruplicate and repeated twice with independent preparations of proteins 

and mitochondria. BAX O , 100 nM; BCL-w D , 25–100 nM; BCL-w D E4A, 25–100 nM (concentrations calculated based on protein monomer).
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